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DEDICATION TO DOCTOR HAL DOWNEY 


By Oliver P. Jones 
Department of Anatomy, School of Medicine, University of Buffalo, Buffalo, N. Y. 


We were proud to honor Doctor Hal Downey by dedicating to him the Con- 

ference on Leukocytic Functions, on which this monograph is based, in recog- 
nition of his influence on hematology as a teacher, as an editor, and as an in- 
vestigator. In doing so, we realize that 50 years ago he dedicated himself 
to the study of the biology of blood cells and to the field of hematology with 
such an insatiable curiosity that it has continued into the years following his 
academic retirement. It was a fortuitous circumstance which kindled the spark 
of interest in hematology in him. After completing his master’s degree in 
1904, Doctor Downey was assigned the problem of investigating the genito- 
urinary system of the Spoon-bill Sturgeon (Polyodon spathula)—a ganoid fish 
having many primitive characteristics found in the Mississippi River. It was 
soon discovered that the kidney of Polyodon was the chief hematopoietic organ. 
Doctor Downey became so interested in this phase of the problem that he de- 
cided to investigate the hematopoietic tissues rather than the genitourinary 
system. As a result, he was launched into the field of hematology and pub- 
lished his first article on ‘‘The Lymphatic Tissue of the Kidney of the Polyodon 
spathula.””' 
_ Doctor Downey’s enthusiasm for hematology was so great that he read every 
article available at the time which had any bearing on that subject. Asa result, 
he visited Europe in order to study with two excellent hematologists—the 
one a clinician and the other an anatomist. At the Anatomical Institute in 
Strassburg, he worked with Doctor Franz Weidenreich on a problem which 
was destined to become a cornerstone for future investigations. In their article, 
“Uber die Bildung der Lymphocyten in Lymphdriisen and Milz,’” Downey 
and Weidenreich showed, for the first time, that there is a genetic relationship 
between the reticulum and the lymphocytes. This work, which was done on 
laboratory animals, was later confirmed by Maximow in human material. 
Although Downey studied the reticulum in his work on Polyodon, one cannot 
help but feel that his work with Weidenreich was responsible for his interest 
in the derivation of leukocytoid lymphocytes in lymph nodes from patients 
with infectious mononucleosis, and for his recognition and understanding of the 
yarious types of leukemic reticuloendotheliosis. Today, some hematologists 
have either overlooked or have forgotten that Doctor Downey published a 
Classical piece of research based entirely on sectioned material. 

Perhaps a very definite contributing factor in Doctor Downey’s bias for the 
dry-smear method of hematological study was the fact that he spent some time 
studying in Pappenheim’s laboratory. One has only to glance at some of Pap- 
penheim’s lithographic plates to understand the tremendous emphasis which he 
placed upon a detailed study of nuclear pattern. Doctor Downey thus received 
the best possible training from two famous hematologists who had divergent 
views as to the manner in which blood and blood-forming organs should be 
studied. 
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It was during Doctor Downey’s stay in Pappenheim’s laboratory that Doctor 
J. H. Wright made a tour of Europe demonstrating the technique for showing 
the megakaryocytic origin of blood platelets. Bunting, of Wisconsin, had} 
confirmed Wright’s work in 1909 and 1911, so that it was generally accepted | 
in this country. After returning from Europe, Doctor Downey also confirmed | 
Wright’s work and published a paper, chiefly for the benefit of foreign hema- - 
tologists, few of whom accepted the results of Wright’s work, and to check 
Dominici’s theory that platelets were formed as cytoplasmic buds from lym- ; 
phocytes.? This work obviously paved the way for subsequent investigation | 
by Doctor Downey and his students of the origin of megakaryocytes in the» 
spleen and liver in a case of atypical myelosis* and for the study of a case of | 
myeloid megakaryocytic hepato-splenomegaly.° 

Doctor Downey was also interested in the other phase of the platelet prob- | 
lem, namely, the relation of cytoplasmic buds from lymphocytes to platelets. | 
These buds were found to be quite numerous in lymph vessels but not very’ 
numerous in the thoracic duct. Doctors Downey and Weidenreich had ob- 
served that these buds were given off by lymphocytes of the germ centers, | 
follicles, and interfollicular tissue and sinuses. The relation to the platelet 
problem came about because these buds appeared to be identical in structure 
with blood platelets. Doctor Downey was able to show by means of a special 
technique that these bodies do not contain granules characteristic for blood | 
platelets. 

In this connection, it is interesting to know that Doctor Downey thought the 
buds from lymphocytes might have something to do with the coagulation of | 
lymph. He wrote to Professor Howell concerning this matter, but never heard 
whether Howell ever gave it any consideration. Although Howell may not | 
have thought so much of these hyalin bodies, other investigators have seen in| 
them a morphological basis for the explanation of antibody formation. Ehrich 
and Harris® support their lymphocytic theory of antibody formation by utiliz- 
ing the observations made by Doctors Downey and Weidenreich. Dougherty, 
Chase, and White’ correlate the production of gamma globulin with the budding 
of lymphocyte cytoplasm. . 

Doctor Downey was first thrust in the midst of a controversial medical prob- | 
lem by collaborating with Mandlebaum in a study of the histopathology and 
biology of Gaucher’s disease.* In subsequent years, he published several arti- 
cles dealing with hematological problems allied to the fields of internal medicine 
and pathology. Three of these articles were fundamental and have been re- 
ferred to as classic examples of morphologic hematology. Doctor Downey’s | 
work with McKinlay on the alterations of lymphocytes in cases of infectious 
mononucleosis is even more important today than it was 31 years ago, for we 
now know that this disease causes changes in the lymphocytes even when the 
heterophil agglutination test may be normal. The articles on the myeloblast | 
are also of a most fundamental nature. It is only through a complete under- | 
standing of this problem that one is able to interpret the differences in the re- | 
generation of lymphocytes under normal conditions and in acute leukemias. | 
The third important and fundamental article is his chapter on monocytic leu- | 
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kemia and leukemic reticuloendotheliosis published in the Handbook of Hema- 
tology edited by Doctor Downey. 

Doctor Downey also published basic papers on the development of the spleen 
and lymph nodes and two articles on the reaction of blood and tissue cells to 
acid colloidal dyes. Although the latter is a subject which has received less 
recognition than some of the other published articles, Doctor Downey has had 
a number of graduate students study connective tissue from time to time. 
In one particular study, he and his students were able to show that the sup- 
posedly highly differentiated fibroblast could transform into histiocytic ele- 
ments and macrophages. ‘This potentiality was particularly true after injec- 
tions of typhoid vaccine. These in vivo experiments preceded by quite a num- 
ber of years the in vitro experiments which showed a similar response of fibro- 
blasts. 

Doctor Downey was definitely a graduate school teacher. He enjoyed and 
lived for research and showed little interest in any student lacking a flair for 
research. Doctor Downey’s technique for training graduate students may be 
summarized in a quotation by Bashford Dean, “An elaborate bibliography is 
the strongest scaffolding upon which any research can be built.’”’ He was ac- 
quainted with all hematological literature of any importance and knew thor- 
oughly the various theories, and he expected as much of his students. Doctor 
Downey was also a stickler for good technique. He would lose all interest in a 
particular case or problem if the slides were poorly stained. His knowledge of 
what good technique means was undoubtedly responsible for his being selected 
to contribute to McClung’s text on microscopic technique. 

It is impossible to estimate how many technicians, graduate students, in- 
ternes, and residents have come under Doctor Downey’s influence through his 
course in hematology, which was unique and unparalleled in this country, if 
not in the world. Before closing, it is only fitting to relate another fortuitous 
circumstance which perpetuated his enthusiasm and interest in hematology 
after the spark had been kindled. Many years ago, Doctor Downey was quite 
interested in comparative neurology and started to develop such a course in 
the Department of Animal Biology at the University of Minnesota. At that 
time, the medical men at Minnesota raised such strong objections to the in- 
vasion of the field of neurology by a nonmedical man that Doctor Downey re- 
linquished his newly developed course. He then started to give a seminar on 
the Biology of Blood Cells. Little did the medical men of that early period at 
Minnesota suspect that this seminar was to develop later into a full-fledged 
course in hematology, a subject which today is claimed by some as the private 
property of internal medicine. The original course in hematology placed con- 
siderable emphasis on the comparative aspect of hematology. In later years, 
as suitable material was collected, more emphasis was placed upon human 
pathologic material. 

Since his retirement in 1946, Doctor Downey has spent two three-month ses- 
sions (1947, 1949) at the Mayo Clinic giving lectures and working with the 
staff and with fellows specializing in hematology. His cytologic study of the 
megaloblast-normoblast problem was an outgrowth of these two sessions. He 
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is still doing a little research, when his health permits and, at the present time, | 
is working on a lymphocyte problem. 

In closing, I wish to quote a paragraph from one of Doctor Downey’s recent | 
letters to me. “It isa crime that I cannot attend a meeting at which I am to | 
be honored. However, I am not ‘out of the woods’ yet and, if I went to New 
York, it would be strictly against the advice of my physician. They don’t | 
want me to do anything that will upset their good work. Recovery has been | 
good during the past year but is not yet complete, so I still have to be careful _ 
about what I do.” 

I am sure we all regret that Doctor Hal Downey is unable to be present to 
hear the part he and his students had in work which led to some of the things 
discussed at this Conference held in his honor. 
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Part I. Introduction to the Leukocytes 


LYMPHOCYTES AND PLASMA CELLS 


By R. Dorothy Sundberg 
Department of Anatomy, University of Minnesota Medical School, Minneapolis, Minn. 


Lymphocytes and plasma cells often occur together in lymphatic tissues, in 
the bone marrow, in connective tissues, and in the blood. Immature forms of 
both lymphocytes and plasma cells show morphologic similarities which have 
been appreciated for many years, and even mature-appearing lymphocytes seem 
capable of transformation to plasma cells. The intimate relationship between 
the two cell types has made it difficult to organize them into clear-cut cell series 
comparable to the cells of the granulocytic series. Recent experimental data 
provide evidence which helps both to separate and unite lymphocytes and 
plasma cells. 


Lymphocytes 


The problem of lymphocytogenesis has been of interest to Downey!® for 
many years. Downey and Weidenreich (1912),! working with sections of 
lymph nodes and spleens of animals, delineated many fundamentals which have 

“withstood the tests of time and new techniques. Downey and Weidenreich! 
showed that lymphocytes developed from reticular cells, that mitoses were most 
numerous in large and medium-sized lymphocytes, and that mitoses could occur 
in any portion of nodes, but were most numerous in germinal centers. In ad- 
dition to reticular cells and lymphocytes of all sizes, they illustrated plasma 
cells as one component of germinal centers. Macrophages showing nuclei 
comparable either to those of reticular cells or of small lymphocytes were also 
shown. The transformation of lymphocytes (of any size) to granulocytes was 
clearly depicted. The shedding of small bits of cytoplasm with the resultant 
hyaline bodies, a phenomenon of great current interest, can also be seen in 
their figures. In many of their figures it can be ascertained that lymph within 
sinuses or vessels can contain lymphocytes of all sizes (some in mitosis), reticu- 
lar cells, and macrophages, as well as hyaline bodies. 

Much of the early work has been reviewed elsewhere.*"" Here, a re-evalua- 

‘tion of terminologies and their reasons for existence seems necessary. With 
-the use of imprint and dry-smear techniques and the staining of these prepara- 
tions with May-Grunwald or Giemsa stains*: '° we adopted a descriptive termi- 
nology for the large and medium-sized lymphocytes of the nodes. The latter 
-two-cell types are not seen in normal blood, and the terms large and medium- 
sized lymphocytes are, therefore, confusing. The terminologies may be com- 
pared as shown in TABLE 1. 

All of these cell types are capable of mitoses, but mitoses are relatively rare 
in the small lymphocytes of the nodes. I did not encounter mitoses in cells 
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TABLE 1 
Sections of Lymphatic Tissue Imprints of Lymphatic Tissue 


Primitive reticular cells Primitive reticular cells 


Giant!! and large lymphocytes (he- Hematopoietic reticular cells 
mocytoblasts) 


Medium-sized lymphocytes Reticular lymphocytes 
{ 
Small lymphocytes Large, medium-sized, and small 
lymphocytes 


the size of ordinary lymphocytes,!° but Trowell (1951)” has recently provided | 
illustrations of small lymphocytes in mitosis from his cultures of lymph nodes. | 


Lymphoblasts 


We have not used the term lymphoblast with respect to normal lymphocyto- | 
genesis in nodes because the original morphologic concept of the lymphoblast 
was a cell indistinguishable from the myeloblast.®: °°: %-!” According to the | 
Downey terminology, lymphoblasts are numerous in subacute and acute lym- | 
phatic leukemias,®: "8 but they are extremely sparse or absent in normal or | 
benign hyperplastic lymph nodes.®: 1° 


“Tmmature” Lymphocytes 


There is a cell with a narrow rim of pale or deep blue, usually homogeneous | 
cytoplasm, and a nucleus which may have visible nucleoli and delicate chroma- | 
tin, but chromatin which is sufficiently coarse, clumped, or smudged to indi- | 
cate that it is a precursor of lymphocytes, which provides difficulty in morpho- | 
logic interpretation because of its remarkable similarity to the lymphoblast. | 
This cell,* called an “immature” lymphocyte,®: !°: ” is comparable to the “pro- | 
lymphocyte” of Ferrata.'® It occurs in both lymph nodes and bone marrow!” 
and is seen in the blood of normal infants and children, as well as in lympho- | 
cytic reactions and all types of lymphatic leukemias.2° In the bone marrow, | 
where these “immature” lymphocytes are seen in association with lymphocytes 
and blast forms which could be either lymphoblasts or myeloblasts, one can con- | 
clude that there exists a developmental series which proceeds from lymphoblast | 
to “ammature” lymphocyte to lymphocyte, or an anaplastic series which | 
proceeds from lymphocyte to “immature” lymphocyte to lymphoblast (or mye- 
loblast) .!” 

Although I have found no mitoses in cells with the size range of ordinary | 
lymphocytes in imprints of nonleukemic lymph nodes,*: !° mitoses in relatively | 
small cells with pale blue or colorless hyaline cytoplasm are not uncommon in | 
films of nonleukemic bone marrow from patients in all age ranges.2° I interpret | 
the latter finding to mean that lymphocytes multiply in nonleukemic nonlym- | 


* In our laboratory, we facetiously refer to this cell as the “‘cold blast’”’ a “h ee 
lymphoblast of subacute and acute lymphatic leukemia. S opposed! to the = hot bins aaa 
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omatous marrow, but I am unable to judge whether or not the lymphocytes 
n the marrow have come from the blood as the experiments of Farr suggest.» 22 
-Yoffey,” in his clear-cut paper on the mammalian lymphocyte, reviewed 
revious work which indicated that the bone marrow contains large enough 
umbers of lymphocytes to indicate that it may be considered one of the largest 
collections of lymphocytes in the body. He emphasized the facts that peri- 
vascular nodules of lymphocytes are relatively numerous, and that these nod- 
ules generally lacked germinal centers and mitoses. This is overwhelmingly 
true in my material, which consists of marrow from approximately 3000 pa- 
tients, with section material from well over 50 per cent of the specimens ob- 
tained.* TI have referred to the collections of lymphocytes in the marrow as 
perivascular lymphocytic aggregates rather than nodules, because they gen- 
erally lack germinal centers or mitoses visible in sections. When germinal 
centers are present, as, for example, in allergic inflammation, mitoses are seen 
in sections, and reticular lymphocytes are present in marrow films. Although 
one may find cells which could be lymphoblasts rather than myeloblasts, ‘‘im- 
mature” lymphocytes, and mitoses in cells believed to be lymphocytes in films 
of marrow and yet see no aggregates of lymphocytes in sections, generally, 
when one does find reticular lymphocytes in films of the marrow, there may be 
true follicles with germinal centers in the sections,'® or there may be various 
types of granulomatous lesions.” *° 


Presence of Hematopoietic Reticular Cells and Reticular Lymphocytes in the Blood 


- Hematopoietic reticular cells and reticular lymphocytes comparable to those 
seen in imprints or dry films of lymph nodes, spleen, or bone marrow are found 
in the blood under various conditions. 

Hematopoietic reticular cells are found in the blood in leukemic reticulo- 
endotheliosis, where evidence of their differentiation to any type of blood cell 
may be present and, in some cases of chronic lymphatic leukemia, where small 
numbers of hematopoietic reticular cells and reticular lymphocytes are seen. 
Very occasional hematopoietic reticular cells may be found in the blood in any 
type of leukemia, in spite of the fact that the dominant cells might be lympho- 
blasts, myeloblasts, immature monocytes, immature granulocytes, or develop- 
ing red cells and megakaryocytes. I have seen very occasional cells with the 
classic morphologic features of hematopoietic reticular cells in occasional cases 
of Hodgkin’s disease and of septicemia. One very unusual case of infectious 
mononucleosis in a child showed in its initial blood picture, histiocytes, reticular 
cells in syncytial arrangement, and hematopoietic reticular cells, as well as 
reticular lymphocytes and leukocytoid lymphocytes. 

Reticular lymphocytes may be found in the blood in leukemias, most com- 
monly in leukemic reticuloendotheliosis, and in some cases of chronic lymphatic 
leukemia. However, when only a small percentage of reticular lymphocytes is 
seen in the blood, they are ordinarily associated with some type of lymphocytic 
reaction. 

The most outstanding lymphocytic reaction is infectious mononucleosis, but 


* This is a conservative estimate. I should not hazard an estimate concerning the number of lymphocytic 
aggregates. , 
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variable degrees of lymphocytic reaction (reticular lymphocytes and leukocy- 


toid lymphocytes) may occur in many conditions, including brucellosis, some | 


hemolytic anemias, and conditions associated with pronounced plasmacytosis | 
and/or eosinophilia. Of some interest is the fact that, in acute and subacute. 


lymphatic leukemias in partial or complete hematologic remission (following | 
A-Methopterin and/or cortisone therapy), lymphoblasts may not be present : 
in the blood and may be too sparse in the marrow for diagnosis, but a minimal | 


peripheral lymphocytosis may persist and reticular lymphocytes may be found. 


Functions of Lymphocytes 


For many years, the functions of the lymphocytes have been assumed to be 
as numerous as their developmental potentialities. LLymphocytes* have been 
shown to be capable of transformation to granulocytes,!: *’*! monocytes,”** 
macrophages," *-#° epithelioid cells,*?: **-*>. ** giant cells,*® fibroblasts,” and 
plasma cells.” 4° 4! Maximow (1907)” offered evidence suggesting the trans- 
formation of lymphocytes to erythroblasts in his classic experiment on myeloid 
metaplasia in the kidney. Much of the evidence for these transformations is 
based on tissue culture experiments.** Kolouch provided a convincing demon- 
stration of the transformation of lymphocytes to macrophages identical with 
those derived from the tissue in a serial study of the inflammatory response in 


loose connective tissue.** Berman used a technique comparable to the imprint | 


technique for tissue cultures of lymphocytes and showed the transformation of 
lymphocytes to large intensely basophilic cells (polyblasts), which ultimately 
formed giant cells.** These ‘“‘polyblasts”’ were remarkably similar to some of 
the most basophilic ‘‘reticular lymphocytes” in imprints of nodes.?? _Downey*® 
showed the transformation of lymphocytes to phagocytes within vessels, and 
Rebuck* has demonstrated the transformation of lymphocytes to macrophages 
many times, using his special ‘‘window” technique. 


Plasma Cells 


Plasma cells are present in lymphocytic tissues, connective tissues, and also 
in the bone marrow. Plasma cells and their precursors may be seen in the blood 
in large numbers in serum sickness," German measles,"*: ** and infectious hepa- 
titis.” In these conditions, there is often an associated lymphocytic reaction 
with some leukocytoid changes in lymphocytes and occasional reticular lym- 
phocytes. In German measles, particularly, one may find both plasmablasts 
and reticular lymphocytes in the blood films.t Plasma cells have also been seen 
in the blood in smaller numbers many conditions, including infectious mono- 
nucleosis and other lymphocytic reactions, many conditions associated with 
eosinophilia, some hemolytic anemias, and septicemias, agranulocytosis, and 
aplastic anemia. Plasma cells and their precursors are found in the blood in 
plasma cell leukemia and, in variable numbers, in multiple myeloma and leu- 
kemic reticuloendotheliosis.”® 

Immature plasma cells show morphologic features characteristic of their cell 


* In some of these instances, the ‘‘lymphocytes’’ were large and medium-si i ili 
: , ph g m-sized cells wit 
which would be comparable to hematopoietic reticular cells and reticular yaaphocy tens Bissophiie cies 


+ There is an assumption that plasmablasts are Turck cell i y 
Keen pend ieee Ne cells, but probably reticular lymphocytes have also 
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of origin, and evidence that plasma cells may be derived from all types of lym- 
phocytes (section material), perivascular cells, mesothelial cells, and their 
wandering derivatives, macrophages, and fibroblasts was presented by Downey 
in 1911." At that time, controversies regarding the nature and possible func- 
tions of plasma cells were also prominent. Downey’s opinions regarding 
plasma cells were presented as follows: 

“As modern investigations tend to show that the various types of cells found 
in the connective tissue (including lymphocytes and mesothelial cells, but ex- 
cluding granulocytes) are merely the morphological expression of varying func- 
tional conditions of the same species of cells, it is not surprising that plasma 
cells should be developed from all of them. 

“Plasma cells, then, are not new cells. They represent a special condition 
of various cells which themselves are only special forms of a mesenchymatous 
element (Pappenheim).’’! 

More recent studies have shown that the remarkable increase in plasma 
cells in the blood in German measles is preceded by a sharp increase in remark- 
ably basophilic cells with reticular nuclei in lymph nodes.**: 46 These cells 
have been called plasmablasts by Moeschlin, *: “* who considered them dis- 
tinguishable from the precursors of lymphocytes. In 1946, Moeschlin‘’ ascribed 
the plasmacytosis of infectious hepatitis to an initial increase in plasmablasts in 
the spleen. In German measles, he claimed there was no similar transforma- 
tion of reticular cells in the marrow and no increase in serum proteins. He 
_ agreed with Lanolt that there was no plasmacytosis in the marrow in infectious 
hepatitis comparable to that seen in the spleen. These studies were of- 
fered as evidence that there is a lymphatic and a myeloid type of plasma 
cell.4°: 46, 47 

Plasma cells which have nuclei with reticular characteristics are found in 
small numbers in the bone marrow under normal conditions. These cells are 
generally perivascular in location, and they usually differ from Moeschlin’s 
plasmablasts by having less discrete cell bodies, less basophilic cytoplasm, and, 
often, smaller nuclei. Their distribution suggests that they may be derived 
from the perivascular cells, or from cells which have emigrated from the blood 
vessels. The youngest of these cells have been called plasmazellulare reticulum 
cells by Rohr,‘® and this terminology was also used by Kolouch,*® and by 
Kolouch, Good, and Campbell.*® Immature plasma cells comparable to Moe- 
schlin’s plasmablasts are less common in bone marrow, but they are often found 
- in marrows which contain perivascular aggregates of lymphocytes, lymphocytic 
follicles, or various types of granulomatous lesions.*” Either the plasmazel- 
“ Julire reticular cells of Rohr or the plasmablasts of Moeschlin appear to differ- 
entiate to plasma cells with the characteristic morphology of the Marschalké 
type of plasma cell,!° although there is a wide variation in the presence of the 
“Hof” and the amount of basophilic cytoplasm. Some of the plasma cells de- 
rived from lymphocytes are much smaller than those usually encountered in 
the marrow, and many lack the characteristic “Hof.” 

One facet of the morphology of plasma cells which has been of interest to me 
is the presence of occasional colorless to pale pink granules in their perinuclear 
cytoplasm. These granules seem more similar to the “granules’’ seen in lym- 
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phoblasts (leukemia, lymphosarcoma) than to those granules which are clearly | 


relatable to the formation of Russel’s fuchsin bodies.”° | 

The function of plasma cells has been more obscure. Downey (1911)* early | 
pointed to their granuloplasm (the ribonucleic acid bearing portion of their | 
cytoplasm) as “the morphologic expression of a special secretory activity.” 
Downey also described the development of mast granules in the cytoplasm of 
plasma cells resulting in “so-called plasma mast cells (Krompecher, Mar- 
schalk6, Weishaupt, Pappenheim, Schridde).’" Although a case of plasma 
cell leukemia in which plasma cells have shown remarkable phagocytosis of 
erythrocytes has been described,®! and hemosiderin®:°* and various crys- 
tals? ®4-56 have been seen in the cytoplasma of plasma cells of the marrow, 
mature plasma cells are apparently not remarkably phagocytic. Of some 
interest is the fact that Goodpasture®” found typhoid bacilli in immature plasma 
cells. 

Michels (1931),®8 in addition to analyzing and organizing the vast literature 
on the subject of plasma cells, included some of the speculations on the function | 
of these cells. He pointed out that Huebschmann (1913) regarded plasma cells 
as elements capable of elaborating a defense (antitoxic) substance, and that 
Klein (1914) and Arneth (1920) maintained that plasma cells, especially those 
of chronic disturbances (paralysis, meningitis), are not degenerative cell forms, — 
but functional states of lymphocytes, which through local toxic activation are 
intimately related to immunization processes. 

Currently, the problem of the cell responsible for antibody production has 
provided motivation to make new attempts to identify and understand lym- 
phocytes and plasma cells. 


Cells Responsible for Production of Antibodies 


As early as 1925, Bunting®® postulated that lymphocytes manufactured anti- 
toxins. McMaster and Hudeck (1935)* demonstrated agglutinins in regional 
lymph nodes of mice about one week after the injection of antigens intrader- 
mally. Ehrich and Harris (1942)* injected typhoid vaccine and erythrocytes — 
into the foot pads of rabbits and then studied the afferent lymph, the popliteal 
lymph node, and the efferent lymph, as well as the blood with reference to anti- 
body titer. Antibodies began to appear in the lymph two to four days after 
injection of the antigen and reached their highest titer after six days. The 
latter titer was higher than that in the blood. The peak titer was preceded by 
an outpouring of lymphocytes from the node. The node underwent initial 
diffuse hyperplasia and secondarily large germinal centers appeared. The 
germinal centers appeared later than the rise in antibody titer. The experi- 
ments were interpreted as pointing to the lymphocyte as a factor in the forma- 
tion of antibodies. Beginning in 1943, Dougherty and White, and Dougherty, 
White, and Chase presented evidence that was interpreted as indicating that 
lymphocytes carried antibody within their cell bodies. Their experiments 
suggested that adrenal cortical hormones enhanced the antibody titer. In 
mice, the decrease of lymphocytes in lymphoid tissue* and the concomitant 
lymphopenia following injection of pituitary adrenotrophic hormone or adrenal 
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| cortical extract were, in their time relationships, correlated with an increase in 
serum proteins.®-*’ An anamnestic reaction followed the injection of ACTH 
or ACE, but it did not follow the injection of ACTH in adrenalectomized im- 
munized rabbits and mice or the injection of desoxycorticosterone acetate. 
These data were regarded as establishing the role of pituitary-adrenal cortical 
secretion as the controlling mechanism for the release of antibody from lym- 
phocytes. The alterations in lymphoid tissue of mice and rabbits induced by 
adrenal cortical secretion were described and illustrated by Dougherty and 
White in 1945,® and described and correlated with early experiments in 1947.79 
These consisted in initial degenerative changes persisting through the first six 
hours characterized by extreme edema, pyknosis of medium-sized and small 
lymphocytes, shedding of cytoplasm of lymphocytes and cessation of mitosis. 
Repair changes, beginning at about six hours, included phagocytosis of nuclear 

_ debris and deposition of dark basophilic material in the cytoplasm of fixed 
reticular cells. Recovery changes began at nine hours and included mitoses of 
lymphocytes and maturation of reticular lymphocytes, as well as differentiation 
of reticular lymphocytes from reticular cells. ‘Within 24 hours the lympho- 
cytic tissues of mice resembled those in normal animals, except for the thymus 
which was still depleted of lymphocytes.’’®® In rabbits, degenerative changes 
recurred 24 hours after hormone injection, but recovery occurred by 48 hours. 
ACTH or adrenal cortical hormone injection had little degenerative effect on 
reticular lymphocytes or on granulopoietic cells.® The effect of hormones on 
lymphatic tissue has recently been reviewed by Dougherty.” The in vitro 
lysis of lymphocytes by lymphocytolytic adrenocortical steroids in tissue cul- 
ture and in cell suspensions was discussed, and Dougherty watched and recorded 
the lysis of single lymphocytes by means of phase microscopy and interval 
photographs. Lymphocyte budding is produced im vitro by both compound F 
and cortisone. Hyaline bodies, the cytoplasmic fragments resulting from this 

budding, are thought to be a manifestation of secretion.®® 


Transfer of Antibody-Containing Cells 


One of the interesting earlier experiments of Dougherty, White, and Chase 
was the demonstration of antibodies in malignant lymphocytes.” <A trans- 
planted ‘“nonmetastasizing” mouse lymphosarcoma was shown to contain a 
high inhibition titer for an hemolytic toxin of Staphylococcus aureus even when 
antigen was not administered after transplantation, and transplants of anti- 
body-containing tumor to nonimmunized mice contained immune globulin 

13 to 17 days after transplantation. The titer in the tumor was frequently 

higher than in the normal lymphocytes. The tumor cells illustrated in a pub- 
lication with Gardner and Williams” show cells which resemble reticular lym- 
phocytes. Here one might point out that some so-called “lymphosarcoma- 
cells” can have exceedingly basophilic cytoplasm. 

Wesslén recently (1952) showed that lymphocytes from thoracic duct lymph 
from animals immunized with S. typhi or horse serum did not contain anti- 
bodies but were capable of producing them. He claimed that only 5 to 6 per 
cent of the lymphocytes were large, the rest being small. He felt there were 
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no plasma cells in thoracic duct lymph, and that one would not expect to find | 
them there. His experiment was offered as one in which there was a pure | 
lymph-cell suspension. ; | 

Keuning and van der Slikke (1950) found that at the height of antibody 
production (three to four days) in rabbits immunized by three intravenous 
injections of paratyphoid B. vaccine, red pulp material, containing character- ||> 
istic aggregates of immature plasma cells, produced more agglutinin than 
white pulp in tissue culture. They felt their experiments clearly refuted the 
idea of antibody production by mature lymphocytes. However, since imma- 
ture lymphoid cells of the white pulp “where no plasma cells are found” appar- 
ently produced agglutinin in vitro, Keuning and van der Slikke thought that 
lymphoblastic cells of Malpighian corpuscles were probably involved in anti- 
body production to some extent. Here it may be commented that it seems 
unnecessary to exclude plasma cells from germinal centers in that they have 
been an accepted component of germinal centers for many years [Downey & 
Weidenreich (1912),! Bloom (1938) *]. 

Harris, Harris, and Farber (1954)7° have recently provided further evidence 
that viable washed lymph-node cells from immunized rabbits show continued 
ability to form antibodies in a recipient nonimmunized rabbit. Antibody ap- 
peared in the recipient’s serum on the first day after transfer (sooner than if 
this phenomenon were ascribed to transfer of antigen), rose in titer on days 2 | 
and 3, and began to decline on day 5 or 7. Antibodies were no longer measur- 
able by the 23rd or 40th day. Here, as in Wesslén’s experiments,® the evoked 
antibody titer appeared to bear a relationship to the number of cells transferred. 
When the cells to be transferred were rendered nonviable, they were no longer | 
capable of giving rise to the appearance of antibody in the recipients. When 
the methods used to render the cells nonviable were applied to hyperimmune 
anti-Shigella serum or dysentery bacilli, the actions of the serum and the 
bacilli were not destroyed. 

Harris, Harris, and Farber (1954)” also showed that when the antigen was 
injected in the foot pads, the antibody titer demonstrable in the recipient of 
washed cells from the popliteal node was high, but that from washed splenic 
cells was low or not demonstrable. Conversely, if the antigen was injected 
intravenously, the transferred washed splenic cells produced a high antibody | 
titer in the recipient rabbit, but the cells from the popliteal node gave rise to 
a much lower titer. Neither of these routes of immunization of the donor 
rabbits apparently caused changes in the cells of the mesenteric lymph nodes, 
as washed cells from the latter nodes did not produce an antibody titer in the 
recipient animal. If four antigens were used, four antibodies could be trans- 
ferred. 

Harris, Harris, and Farber (1954)? found that donor cells from regional 
nodes of rabbits which had received antigen 10 minutes previously were capable 
of causing the appearance of antibody in recipient rabbits. The recipient 
rabbits had previously received whole body X radiation. Heated similar cells 
were not effective. Lymph node cells incubated with dysentery organisms at 
37° C. in vitro, washed, and injected into X-radiated rabbits caused agglutinins 
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_ to appear in the sera of recipients in four days. Similar results were obtained 
_ with a soluble antigen of the dysentery organisms. 
_ When these experiments are added to those of Dougherty, White, and 
_ Chase” and Wesslén,” it would certainly appear that cells in lymph nodes, 
including those presumably destined for circulation, whatever their specific 
identity, are capable of antibody production. If one is to accept these anti- 
_ body-forming cells as plasma cells or their precursors, one must assume that: 
(1) Lymphosarcoma has primary or secondary plasmacellular components; 
(2) The thoracic duct lymph cultured by Wesslén contained plasma cells 
and/or their precursors. These could be the 5 to 6 per cent large lymphocytes 
which could easily include potential plasma cells, or the more numerous small 
lymphocytes which can also form plasma cells. Wesslén denied the presence 
of plasma cells in the lymph. 
Neither of the explanations offered seems deniable although they are not the 
first which would come to mind. 


Serum Globulin, Plasma Cells, Antibodies 


Since hyperglobulinemia and plasmacytosis show a high degree of correlation 
(Bing and Plum, 1937),’° and since antibodies are believed to reside in the 
globulin fraction of the serum proteins, attempts to link plasma cells with anti- 
body production have been numerous. FEarly literature is reviewed by Gorm- 
sen and Heintzelmann (1941)*° and Kolouch, Good, and Campbell (1947).°° 

- Kolouch,* as early as 1938, suggested that there might be a relationship be- 
tween the transformation of plasmacytic reticulum cells of the marrow to 
plasma cells and rising antibody titer. Kolouch’s studies were stimulated by 
Downey’s (1911)* description of a plasmacytosis in the bone marrow of a rabbit 
with a nonspecific subcutaneous abscess and by use of rabbits sensitized to 

_ Streptococcus viridans. Later studies of Kolouch, Good, and Campbell (1947)°° 
suggested that the morphologic differentiation of reticular plasma cells to 
Marschalké plasma cells, which took four days after shocking a rabbit sensitized 
to Str. viridans or egg white, was intimately associated with the production of 
antibodies. Good (1950)*! described many plasma cells and precursors in acute 
experimental allergic encephalitis. These were almost completely absent in 
the acute stages of nonallergic inflammation, but a few plasma cells were found 
in the inflammatory exudate late in the nonallergic inflammatory cycle. Camp- 
bell and Good (1950) made guinea pigs encephalitic by sensitization to ho- 

~ mologous brain tissue plus adjuvants, and produced intense plasmacytosis in the 
brain, spleen, and bone marrow. In these experiments they found large num- 

"bers of plasma cells derived from lymphocytes as well as from reticular cells 
and concluded that these cell lines were ‘essentially continuous.” Their 
Figure 2 shows the theoretical development of plasma cells from reticular cells 
with and without an intermediary reticular lymphocyte. They do not postulate 
transitions of ordinary lymphocytes to plasma cells. Good and Campbell 
(1950)* showed excellent correlation between the numbers of plasma cells (per 
5000 nucleated marrow cells) in the bone marrow, and the level of serum 
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gamma globulin in normal children and in children in various stages of activity 
of rheumatic fever, chorea, and streptococcal pharyngitis. 
Bjérneboe, Gormsen and Lundquist (1947) added further weight to early 


(1941,8° 1943,87 19438) experiments which suggested that with strong immuni- 
zation there was hyperglobulinemia and a pronounced plasma cell formation in 


all organs apparently proportional to the concentration of antibody protein. 
Because a constant finding was intense perivascular plasmacytosis in the adipose 
tissue of the renal sinus, this tissue (90 per cent plasma cells and 10 per cent 
lymphocytes) was extracted for antibody content. Since it was found to have 
essentially more antibody than the extracts of any other organs from the 


rabbits immunized with a mixture of 8 pneumococcus types, Bjgrneboe, Gorm- _ 


sen, & Lundquist* advanced the hypothesis that antibodies are produced by 
plasma cells. 

In 1944 Thorell and Wissing® found the myeloma cell possessed the charac- 
teristics of a cell which functions to produce new proteins. Bing, Fagraeus, 
and Thorell,8® using ultra violet microscopy and the Feulgen reaction, demon- 
strated that immature plasma cells contain an abundance of ribose nucleotides 
indicating active protein synthesis while more mature plasma cells contain less 
ribose nucleotides. Fagraeus (1948)°° using horse serum and 5S. typhi as anti- 
gens produced anaphylactic shock in rabbits and followed the cellular reaction 
in the spleen and the antibody content in the serum. At two to three days, 
she described and illustrated immature cells (transitional cells) in the red pulp, 
in the reaction centers, and at the marginal zone of the Malpighian corpuscles. 
At three to five days, as the antibody titers in the serum were beginning to rise, 
the predominant cell in the spleen was somewhat smaller (immature plasma 
cell). At five to eight days, at the peak of the antibody titers in the serum, the 
predominant cell was the plasma cell. Tissue cultures of small portions of red 
pulp (rich in plasma cells) and Malpighian bodies (rich in lymphocytes) from the 
experimental animals revealed that the antibody units, per gram of tissue, were 
consistently significantly higher in the red than in the white pulp. The amount 
of antibody production was greater at four to five days when transitional and 
immature plasma cells predominated than at seven to ten days when mature 
plasma cells were the most numerous. Fagraeus concluded that “antibodies 


are formed within reticuloendothelial cells. In case of an intense antibody | 


formation, a differentiation of these cells into plasma cells takes place. Thus, 
the mature plasma cell is to be regarded as the small link in a chain of develop- 
ment, a cell which has already passed the state of its greatest functional in- 
tensity.” °° 

Reiss, Mertens, and Ehrich (1950) demonstrated that certain lymphoid 
cells of antibody-forming lymph nodes agglutinate the bacteria with which the 
animals were immunized on their surface in vitro. Neutrophils, monocytes, 
macrophages, immature lymphocytes, and typical small lymphocytes did not 
agglutinate the bacteria. The identifiable agglutinating cells belonged to the 
plasma cell series. Some small cells believed to be close to a mitotic division 


showed remarkable agglutinating power. The most pronounced reaction | 


occurred at five to seven days. 
Moeschlin (1951) showed, by means of phase microscopy, dark granules in 
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the cytoplasm of various stages of immature plasma cells from the red pulp of 
spleens of rabbits sensitized and reinjected with TAB vaccine. These granules 
were most numerous on the fifth day, immediately prior to the appearance of 
_ antibodies in the blood. The granules were thought to be comparable to simi- 
lar granules in myeloma cells. Neither was visible with ordinary staining 
methods. 

Kunkel, Slater, and Good (1951)** demonstrated that the majority of myel- 
oma proteins are immunologically related to a portion of normal gamma 
globulin. This demonstration added further evidence “for a role by plasma 
cells in the production of at least a component of normal gamma globulin.” 

Coons, Luduc, and Connolly (1953),% using a fluorescein labelled antibody 
technique, detected antibody in the regional node four days after the first sub- 
cutaneous injection of antigen. The antibody was found in occasional cells 
scattered singly in the medullary cords and around the periphery of, but only 
rarely within, the lymphoid follicles. The cells had large nuclei and a thin 
rim of cytoplasm. ‘Traces of antibody were seen in the nucleus, and high con- 
centrations were found in the cytoplasm. At six to eight days, the number of 
cells included was not increased, but the cells had become typical plasma cells. 
In the secondary response, antibody was first detectable on the second day in 
younger cells, but their development followed the same course. More cells 
were involved, and they were grouped in colonies, suggesting that “the de- 
scendants of some scattered primitive cells were now all engaged in antibody 
_ synthesis.” The data are regarded as confirming the conclusion of others that 
“the plasma cell is the major source of antibody under these conditions, al- 
though they do not exclude smaller contributions by other cell types.” 

Good (1954)® studied two patients with no measurable gamma globulin, no 
evidence of tissue or serum antibody, and no isoagglutinins against heterologous 
blood groups. Intense antigenic stimulation did not evoke an antibody titer 
or cause the appearance of gamma globulin in the plasma. A third patient is 
now added to this group.°® Plasma cells are virtually absent from the marrow 
in these patients, and intense antigenic stimulation does not produce plasma- 
cytosis of the marrow or nodes, as it does in normal subjects. I have had the 
opportunity of seeing this material. There is a remarkable plasmacellular 
reaction in the control nodes after antigenic stimulation; I have seen no plasma 
cells in a similar node from the third patient. I have found extremely occa- 
sional plasma cells in the marrow of two of these patients, but I surely agree 
- that plasma cells are conspicuous by their virtual absence. 

_ Craig, Gitlin, and Jewett (1954) reported similar findings, using the fluo- 
“ rescent antibody technique. In nodes from normal children who had received 
combined DPT and typhoid-paratyphoid vaccine four days prior to removal 
of the nodes, well-defined follicles with active germinal centers were seen, and 
the medullary cords were increased in prominence. Plasma and “preplasma 
cells” appeared in both the cortex and medulla. Gamma globulin was seen in 
various cells of the interstitial fluid, and pertussis antigen could easily be 
demonstrated in the reticuloendothelial cells. Specific antibodies against diph- 
theria and tetanus toxins were found in cells of the plasma cell series. In nodes 
from children with agammaglobulinemia, the cortex was narrower; follicles 
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were small and ill-defined; and germinal centers and preplasma and plasma cells 
were absent. Antigen was easily demonstrated in these nodes, but neither 
gamma globulin nor specific antibody could be found. The conclusion drawn 


was that in congenital agammaglobulinemia there is a deficiency in the pro- | 


duction of the cell forms responsible for the formation of antibody. 


One piece of evidence which is difficult to organize is that presented by 
Craddock and Lawrence (1948).%% These investigators produced a marked | 


lymphopenia, lasting 30 to 40 days, by exposing rabbits to 250 r. whole body 
roentgen irradiation. Injections of antigens eight hours after this exposure 
elicited a greatly depressed antibody response. This depression did not occur 


if a similar exposure was given after the onset of antibody formation (significant _ 


titer at day 4), but before a maximal titer (day 9) was attained, although there 
was thought to be a marked depression of lymphoid tissue as estimated from the 
peripheral lymphopenia. It was suggested that the reserve sources of tissue 
must be capable of carrying out antibody formation once it has begun, even 
though the major portion of the lymphoid tissue has been damaged. Here 
one might comment that reticular lymphocytes and plasma cells are less affected 
by X ray than are mature lymphocytes. 

The pendulum currently appears to be favcring the precursors of plasma 
cells as antibody formers. Plasma cells and their precursors are present in 


lymphatic tissue of presumably normal animals and man, and here there are _ 


also hematopoietic reticular cells and reticular lymphocytes. Plasmablasts, 
hematopoietic reticular cells, and reticular lymphocytes are morphologically 
distinguishable from one another, but often their similarities are greater than 
their differences. The most remarkable differences are the intensity and 
opacity of cytoplasmic basophilia, the assumption and retention of an eccentric 
nucleus, and the relatively discrete clumping of the nuclear chromatin of the 
immature plasma cell. Intensely basophilic reticular lymphocytes also occur, 
and it does not seem possible to conclude that they are mecessarily precursors of 
plasma cells because transitions between them and lymphocytes are easily 
found. These intensely basophilic reticular lymphocytes are similar to some of 
the polyblasts*® in tissue culture experiments, however, and it would not be 
surprising to find that these cells could function as either precursors of lym- 
phocytes, transitional stages in the formation of macrophages, or precursors of 
plasma cells under the appropriate stimuli. 

The most recent evidence suggests that precursors of plasma cells contain 
large amounts of antibody and that, when plasma cells and their precursor are 
virtually absent, antibody production is not possible. We are still faced with 
the fact that, even with remarkable antibody production, plasma cells are often 
not as numerous as lymphocytes, and some type of lymphocytic reaction 
generally accompanies plasmacytosis. Perhaps the controversy will be resolved 
by some entirely acceptable demonstration of the role lymphocytes play in the 
production of immature or mature plasma cells. 
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PLATE 2. Dry film and imprint preparations from lymphatic leukemia and multiple myeloma. All magnifi- 
cations X 784. 1. Hematopoietic reticular cell and lymphocytes from bone marrow of chronic lymphatic leuke- 
mia. 2. Primitive reticular cell and an unusually large hematopoietic reticular cell and lymphocytes from lymph- 
node imprint of chronic lymphatic leukemia. 3. Lymphoblasts, “immature lymphocytes,’”’ and two mitotic 
figures from bone marrow of subacute lymphatic luekemia. 4. Plasma cells in various stages of maturity con- 
taining developing Russel’s fuchsin bodies from bone marrow of multiple myeloma. 
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PLATE 3. Plasma cells from nonmyelomatous bone marrow. 1. Section of marrow X 784. Note perivascu- 
lar plasma cells to the left of blood vessel. 2. Dry film of marrow X 560. Perivascular plasma cells similar to 
those in 1, found near feather edge of film. 3. Dry film of marrow X 680. Top: mature plasma cell. Bottom: 
one type of immature plasma cell (with reticular nuclear characteristics). 4. Dry film of marrow X 784. Re- 
ticuloendothelial cell showing six plasma cells at its periphery. 
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Puate 4. 1, Spread of omentum of guinea pig X 784. Note capillary with perivascular cells and also small 
“tache laiteuse”’ with differentiation of mesothelial cells to free rounded cells of varying size, cytoplasmic baso- 
pprilia, and nuclear chromatin pattern. 2. Dry film of human ascitic fluid X 784 showing large, deeply basophilic, 
“free mesothelial cells with eccentric nuclei and one plasma cell, 3. Dry film of same human ascitic fluid X 680 
showing progressive vacuolization of cytoplasm and increasing delicacy of nuclear pattern as well as increase in 
cell size in the transformation of a lymphocyte to a phagocytic cell (macrophage) a, b, and c. 


By Joseph C. Sieracki* 


THE NEUTROPHILIC LEUKOCYTE | 
Department of Laboratories, Henry Ford Hospital, Detroit, Mich. | 


The purpose of this communication is to review briefly some of the known 
properties of the human neutrophilic leukocyte and to correlate these properties } 
with various purported functions, where possible. In this review, not all of the } 
investigated reports are listed. More emphasis has been placed on some of the } 
more recent developments, especially in regard to leukocytic function. Many 
of the topics will be discussed in detail by more qualified experts in this mono- | 
graph and, accordingly, only brief mention of such findings, as they relate to the | 
neutrophil of man, will be made here. This paper, in a sense, is a restricted 
review or, perhaps, more of a running sketch of the biology of this cell. | 

In some of the sources examined, it was difficult to ascertain whether the word | 
leukocyte was used in its collective fashion, or whether it was used specifically | 
for the neutrophilic granulocyte. Also, in some of the studies, no differential 
count of the white blood corpuscles is given. The difficulties in attempting to 
compare the results of different workers were well expressed by Beck and 
Valentine,! who listed three categories as follows: 

(1) Materials studied varied widely in species of origin, anatomical source, | 
cell type, stage of maturity, and mode of preparation. 

(2) There were different analytical methods and incubation media. 

(3) Metabolic data have been referred variously to dry weight, cell numbers, 
and cell nitrogen. 

In the same review, the authors give some conversion factors which are | 
helpful as reference bases in such studies. 

The results of this communication will be limited to the human neutrophilic 
leukocyte, for it is well known that structural similarities in the leukocytes of | 
different species may well mask cytochemical disparities. A number of these 
have been found in the literature, and they are not only one of degree, but may 
represent complete absence or presence of a given investigated property or func- 
tion. For example, it can be found in the work of Wachstein? that the neutro- 
phils of man and the heterophil leukocytes of guinea pigs, rats, and rabbits 
show marked alkaline phosphatase content, while those of the mouse and dog 
show no evidence of this activity. Likewise, he found’ that, while 90 per cent 
of the neutrophils in man were strongly positive for glycogen, only faint traces 
were found in the rat and mouse. The alkaline phosphatase! was found to be 
present in eight times the concentration obtained for human cells under the 
same conditions when the cells of the rabbit were studied. Barnes® found no 
evidence of trypsin in the heterophil of the rabbit but marked evidence of 
activity in the cat. The opposite was true for nuclease. Many such exam- 
ples could be cited. 

The history of the human neutrophilic leukocyte is well treated by Rolleston® 
and in many of the current textbooks, and need not be considered in detail here. 


ie Present address: The Cancer Research Institute, New England Deaconess Hospital, Boston, Massachu 
setts. ad ‘ 
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In the embryo, the first evidences of neutrophilic leukocytes are found in the 
liver in the second lunar month during the hepatic period of hematopoiesis. At 
the 9 cm. stage of the human fetus, myelocytic cells can be seen developing in 
the spleen,’ and from approximately the fourth lunar month® they are found in 
the bone marrow. The genealogy of the formed elements of the blood has been 
depicted graphically in 1952° by the various proponents of the monophyletic, 
modified neounitarian and polyphyletic theories. 

In 1951," Wintrobe wrote: ‘Little is known about these factors (factors which 
govern maturation, formation, and release of blood cells into the blood stream) 
or about those which are concerned with destruction of blood cells.” The list 
of these factors is not complete as yet, nor has the degree of influence of each 
singly or in combination been ascertained. The splenic factor in maturation 
has been the subject of investigation on numerous occasions, and its importance 
in radiation in some of the more recent works has been studied. Krumbhaar!! 
showed that splenectomy can produce a marrow hyperplasia. Interestingly 
enough, in the parabiotic animals, the leukocytosis which followed failed to 
develop until the second animal had been splenectomized. Jacobson ef al.” 
showed that the shielding of the spleen and intraperitoneal transplantation of 
spleens after irradiation prevented total marrow aplasia and death after total 
body X radiation and a more rapid return of hemopoiesis to normal. This 
so-called ‘‘splenic factor’? may not be a specific and isolated influence.“ It 
may be merely a reflection of a protective factor present in all hematopoietic 
tissue. Wright,!® in discussing specific depressions on various cell lines in the 
‘treatment of leukemias and cellular defense mechanisms,'® discussed the factors 
of diet and mentioned the fact that nucleoproteins stimulate myelopoiesis. 
This tendency was shown by Doan” and his co-workers in 1928 to be true for 
the rabbit. The release of mature forms as part of a normal rhythm theory 
was presented first by Sabin ef al.!8. 18 The rhythmic hourly accessions to the 
peripheral blood stream were believed related to the maturation of myelocytes, 
and was preceded by a shower of nonmotile or dead leukocytes up to 30 per 
cent. The hypothesis was that the dying cell served as an impetus and, as 
mentioned previously, products of nucleic acids were a necessary factor for 
the release of granulocytes. Smith and McDowell*® were able to confirm the 
rhythmic accession of leukocytes in women, but were unable to find large num- 
bers of dead neutrophilic leukocytes in the blood stream, to the effect that the 
neutrophilic curve was influenced by them. Garrey and Butler*!: * could not 
confirm either study. Koch and Liibbers” have recently reported finding leu- 
kocytic disintegration forms in the peripheral blood in cases of inflammatory 
diseases, especially in irritative states of the reticuloendothelial system. The 
appearance of these forms in peripheral blood was transient and did not cor- 
relate with age, sex, temperature, leukocytosis, or treatment with sulphon- 
amides or penicillin. Other investigators: *° have denied the occurrence of a 
regular leukocyte rhythm. Many factors governing or influencing the release of 
mature forms have been reported and some of these will probably be considered 
by other papers in this monograph. A few interesting factors might be men- 
tioned. The osmolar concentration of extracellular fluids, which gave a pro- 
portional and selective granulocytosis paralleling the increase in molarity of 
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these fluids was reported by Tullis. 7 The factor of adrenal hormones in 
this mechanism has been considered by the author.” 

Dietary factors have long been a source of discussion in their effect on the 
release of cells. One of the earlier workers, Luden,” felt that a diet which 


increased the blood cholesterol decreased the lymphocytes of the blood and — 
caused a significant increase in the granulocytic neutrophils. Even more . 


striking, she showed a marked increase of bizarre neutrophils along with the 
neutrophilia. Garrey*® reported on the nonexistence of digestive leukocytosis. 
Wright!® encourages dietary restriction in the treatment of leukemias, avoiding 
those factors in granulocytic leukemias which might allow the nucleoproteins 
to stimulate myelopoiesis further. Bone marrow pressure alterations”! offer a 
new factor to be considered in release of blood cells from the marrow. 

Most of the more common causes of neutrophilia are associated with various 
tissue destructive processes, such as acute infections, chemical and metabolic 
intoxication, neoplasms, thromboses, postoperative states, hemolytic anemias, 
etc. Some of the co-called physiological factors are strenuous exercise, repeated 
vomiting, tachycardias, vitamins, hormones, pregnancy, e/c. A discussion of 
variations in leukocyte numbers under the influences mentioned is beyond the 
scope of this paper. 

The next step in the study of the biology of these cells, is the concept of the 


average length of life and the life span. These are different concepts. The | 


life span is usually taken to mean the time limit beyond which the viability of 
cells does not extend, even under the most favorable circumstances. The average 
length of life of an individual neutrophil probably begins when the last myelo- 
cyte divides to produce daughter cells. Since it is difficult to define this last 
point, or follow the individual neutrophilic leukocyte, the figures for average 
length of life and the so-called “life span” are many and varied. 

The various in vitro “‘life spans” add further difficulties in evaluating the 
important measurement of the time from cell birth to cell death. The average 
length of life or normal life expectancy could be used to define the average or 
normal expected time between birth and death of a given cell type under normal 


conditions, the life span, as defined above, being the time limit beyond which the 


viability of the cells does not extend even under the most favorable circumstances. 
The various in vitro measurements of this interval are perhap better termed 
“survival times” under specified environmental conditions, viz. survival time in 
tissue culture, ACD solutions, efc. 

The average length of life is known to consist of a number of stages. The 
maturation time or phase represents the first interval from the birth of a cell 
in the hematopoietic tissue to its release from this tissue into the blood, the 
intravascular or circulatory phase being from the time the cells enter the blood 
stream until they leave the vessels. The migratory-tissue phase would be the 
time spent in the tissues, 7.e., extravascularly. Obviously, the cells may have 
numerous intervals classified as intravascular and migratory phases. The final 
or definitive phase might well be called the sequestration or terminal phase, and 
this phase may occur intravascularly or extravascularly. Cowdry®? mentioned 
an interesting assumption, namely, that the individual neutrophils of man live 
in the bone marrow after their birth, with the last mitosis of their myelocytic 
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parent, for four days. Some probably die four days after entering the circula- 
tion, and he suggests 10 days as a conservative average length of life. This 
suggestion is interesting in the light of the studies of Roberts and Kracke,** 
who postulated a circulatory or intravascular phase of four days on the basis 
of a study of a case of agranulocytosis. These investigators observed that the 
neutrophils may be entirely gone from the peripheral blood within four days 
after their number began to diminish. Wright’s estimate!® gave an average of 
14 days as the time from the blast form to the mature neutrophilic leukocyte. 
White, using transfused leukocytes tagged with atabrine, mentioned that 
these cells do not remain in the peripheral blood for more than one to two hours 
and do not produce significant changes in the leukocyte count. The granulo- 
cytes were not separated from the nongranular cells, and refer only to the total 
white cell numbers. The author also states that a leukocyte may have many 
“intravascular “life spans,” for the cells move freely from their vascular channels 
to the tissues and vice versa. Kline,*°: *° using radioactive phosphorus, found 
an average “‘life span” of 13 days for leukocytes. 

The in vitro survival time also varies considerably. Simpson,*” reported that 
pus cells in the sputum remained viable for nine days at room temperature. 
Osgood* found neutrophils surviving 2 to 4 days in tissue culture of human bone 
marrow. Tullis,” following his method of separation and preservation, found 
that the leukocytes had a variable viability ranging from one to four weeks. 
He also states that leukocytes are disintegrated in the blood at body tempera- 
_ture from three to five days. Jeanneret and Fischer*® described viable neutro- 
philic leukocytes 70 to 80 hours when they were kept in citrated blood. Scudder 
et al.“° showed motile leukocytes in blood stored in ACD solution for 8 to 18 
hours. 

Kelemen" said recently, ‘““According to our present knowledge, the life span 
of circulated leukemic leukocytes hardly exceeds 12 to 48 hours.” Osgood 
et al. measured the uptake of radioactive phosphorus in isolated DNA and 
calculated a 3-day “‘life span” in patients with chronic granulocytic or subacute 
monocytic leukemia. A word of caution as to the validity of Osgood’s method* 
as originally reported has been recorded.“ The eventual fate, including the 
sequestration and visceral circulation of leukocytes, will be elucidated for us 
by Doctor Bierman. 

There are many methods described in the literature for the study of leuko- 
cytes. Of recent interest are the numerous recent techniques which have been 
-suggested for the separation of white cells.°-*! Many of these techniques utilize 
various agents which allow gravitational force to aid in a differential separation 
‘of the formed elements. Other techniques utilize nontoxic hemagglutinins, 
electrophoresis, specific antiserum, and other cell toxins. Some of the prob- 
lems involved are discussed by Tullis, who also describes a method of preserva- 
tion of the separated white cells.” ” 

The mature neutrophilic leukocyte has been briefly characterized by Bun- 
ting® “as a differentiated end cell, without the power of reproduction, charac- 
terized by an eccentric horseshoe-shaped or ‘S’ shaped lobed nucleus, and by 
specific fine granulation of its cytoplasm. Functionally, it is taarkod by ex- 
tremely active ameboid motion, and by the power of phagocytosis.” Morpho- 
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logically, there have been many recent interesting observations both on living 
and fixed neutrophils using many and varied techniques. Some of these ob- 
servations will be cited here briefly. Schwind** has compared the supravital 
and air-dried smear techniques. Block®® has reported an adaptation of the, 
Maximow technique for the study of sections of hematopoietic tissues. Bessis) 
and others®®: 57 58, 58° have presented some fascinating work on phase micros-| 
copy of these leukocytes. pis 2 | 

Electron microscopy of human white blood cells has a steadily increasing} 
bibliography**: ®» §'. ® since the original observations by Rebuck and Woods® 
made in the laboratory of the Henry Ford Hospital, Detroit, Mich. These in- - 
vestigators studied air-dried and fixed smears and imprints of peripheral blood, , 
bone marrow, and inflammatory exudate cells. These studies of the granules} 
revealed some interesting features. The granules are round, oval, or rod-- 
shaped vacuolar structures measuring 70 X 85 mu to 465 X 650 my. These : 
apparent vacuolar structures permit electrons to pass through their substance > 
with little electron scattering. This finding suggested a content rich in com-- 
pounds of low molecular weight. Close scrutiny of these compounds showed | 
a slight increase in density at the periphery. This finding is more pronounced | 
in exudate cells. In using unfixed neutrophil granules and submitting these : 
to desiccation by electron bombardment, Rebuck® showed the decrease in size : 
of a neutrophil granule from 260 X 340 my to 220 X 260 my. This shrinkage, | 
believed to be due to aqueous content, was less pronounced than in eosinophil | 
granules when subjected to this treatment under comparable conditions. The | 
shrunken granules contain a homogenous substance offering appreciable re- 
sistance to the passage of electrons. 

With the development of methods of fixation® and handling, electron micros- | 
copy of sectioned leukocytes has been made possible. Kautz and DeMarsh® 
have recently published the first electron micrographs of leukocytes. The 
neutrophils showed a typical nuclear shape with a finely precipitated homoge- 
nous matrix and a thin membrane. The cytoplasm showed less scattering 
power than the nucleus. Neutrophilic granules were homogenous and some- 
what dense, ranging 49 u to 14 uw and generally showed a clearly defined mem- 
brane. Granular and filamentous mitochondria have been depicted.® 

One peculiar property of the leukocytes, and of the neutrophils in particular, 
is their adhesiveness or stickiness in vitro. Tullis’ divides this adhesiveness 
into two categories: agglutination and “clumping.” Agglutination is shown only 
by dead cells, which exhibit no ameboid motion, no phagocytosis, do not 
breathe, and cannot be separated from the group. This type of adhesion is 
seen in all adverse conditions where cell death has occurred. 

Clumping is temporarily reversible. However, if this process is allowed to 
continue for one to two hours, death ensues. It is commonly seen after ex- 
posure to red-cell sedimenting agents. Even more interesting is the as-yet- 
unexplained action of the acetate ion in preventing this clumping. The cells, 
after such clumping, can be separated and resuspended. Once the clumping | 
has occurred, however, the in vitro survival time is shortened. 

The concept of leukergy has been championed by Fleck, who first reported | 
it in 1942.°° In this phenomenon, groups of 3 to 20 or more cells are formed 


Sieracki: The Neutrophilic Leukocyte 695 


‘with a marked tendency to cytélogical homogeneity, some groups containing 
only granulocytes, while others contain the other cell components of the periph- 
eral blood. It is Fleck’s contention that only inflammatory factors can provoke 
leukergy.” He believes the mechanism of leukergic clumping consists in ran- 
dom collision of the sticky cells and, most probably, not in their attraction at a 
distance. This theory has not met with uniform acceptance, for, as Moeschlin 
States,® “Fleck speaks of leukocytic agglutination in incubated citrated blood 
as leukergy, an expression which appears confusing to us and which we therefore 
prefer not to use.” 

Some of the physical properties of the mature neutrophils are: a specific 
gravity of 1.065,° migration toward the anode,® catophoretic velocity slower 
than that of the lymphocyte.” They are preferentially wet by water,” show a 
fragility which is inversely proportional to the content of vitamin C, whose 
integrity is best maintained in isotonic or slightly hypertonic solutions.2 The 
electrical surface charge and the surface tension are believed by Fritze to govern 
the emigration of the granulocytes to an area of inflammation, the ameboid 
movement of the mature granulocytes, their phagocytic power, and their ten- 
dency to aggregate. 

The water content of human white cells is probably about 80 per cent. 
Some of the available figures from other species show 82 per cent in the horse” 
and 79.59 per cent for the rabbit. No data on the normal electrolyte content 
for human white cells was found. Wilson and Mannery” reported their find- 
ings in the rabbit. The concentration in horse leukocytes given by Endres 

and Herget” lists the following per cell: 

Sodium—113 mM/L 

Potassium—23 mM/L 

Calcium—2 mM/L 

Chlorides—70 mM /L 

Bicarbonate ion—1.8 mM/L 

Phosphorus—19 mM/L 
These authors” also comment on the rather marked anion deficit of 47 mM or 
34 per cent of the cation concentration. ‘This finding is interesting in view of 
the recent communication by Shenk,’® who showed that the Parr bomb and 
microcarrius methods for tissue chlorides give much higher values than those 
obtained with the Van Slyke method as used by Endres and Herget. 

The recent work by Vallee and his associates’®: ” on zinc provides a figure 

for this trace element to be 3.2 + or — 1.3 X 10 to the minus 2 Gamma of zinc, 

per million cells. An interesting finding is the marked reduction of zinc, in 
-patients afflicted with leukemia, to 10 per cent of this amount. A rise in the 
amount following therapeutic ameloriation of the leukemic process is as yet 
unexplained.” The threefold to tenfold elevation of this zinc content in pa- 
tients having refractory anemia accompanied by leukopenia has been re- 
ported.” Further work, to help elucidate the exact role of zinc, is in prog- 
ress.°° 

Using the platelet-white blood-cell layer, Bodansky e¢ al. have confirmed 
the earlier work on the normal white cell ascorbic acid level and its ability to 
reflect the body store of this vitamin. The decreased levels in the white cells 
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of patients having cancer and other chronic diseases is associated with an ex 
cessive catabolism of protein. Folinic acid content (as opposed to free foli 
acid and folic acid conjugase) was greater in leukemic leukocytes as compare 
to normals in the study of Swendseid et al.22 The increase was correlated wit 
the degree of cell immaturity. | 

Thiamin values are three times normal in leukocytes of patients havin 
leukemia, or Hodgkin’s Disease, or carcinoma of gastrointestinal tract, but are: 
decreased in those having portal cirrhosis of the liver.™ 

There are many reports in the literature on various chemical constituent 
and staining reactions of leukocytes. The limitations expressed by Beck andi 
Valentine! on attempting to evaluate these constituents and reactions hav ! 
been mentioned earlier. The evidence presented comes from varied techniques,, 
many of which have not been completely evaluated. A thorough review of 
them is beyond the scope of this paper. Furthermore, Doctors Martin, Valen-: 
tine, Fleischer, Seabra, and Wachstein discuss chemical and metabolic aspects of 
leukocytic activity in Part V of this monograph. The brief discussion that) 
follows will accordingly be limited to a survey of the chemical constituents and 
staining reactions of the human neutrophilic leukocyte. 

Glycogen content of neutrophils has been studied via histochemical and} 
microchemical methods.**! While progranulocytes and all nuclei have noj 
demonstrable glycogen, the other more mature myeloid cells show an extra- 
granular distribution. Neutrophils from exudates show a more diffuse dis- 
tribution. The normal values for mature neutrophilic leukocytes has been cal- 
culated to be 4.23 micrograms per million cells.®® Elevated values are reported ’ 
in glycogen storage disease,® granulocytic leukemia,®° and polycythemia vera.®” 
The glycogen content of normal white blood cells (wet cells 0.17—-0.67 per cent) } 
is within the same range as that of striated muscle.*! No significant amounts 
are demonstrable in the nongranular leukocytes. 

The nucleic acids and nucleoproteins in neutrophils has likewise been the ? 
subject of much investigation. LaCour,* using the Pappenheim and Feulgen\ 
stains, did some beautiful work on cell differentiation in the blood. It was his 3 
contention that differences in concentration of nucleic acids may be responsible 
for the proportion of red and white cells in the blood. His explanation for the : 
failure of the heterochromatin of “stab” leukocytes to be stained frequently ’ 
and variably was a decrease in the concentration of nucleic acids in the parent | 
cells. White’ reported on the possible relation of basophilia of cells as a re- | 
flection of nucleic acids. Van den Berghe believed RNA may be a factor ' 
responsible for the affinity of Giemsa staining. Thorell’s% monograph de- | 
scribed his studies showing a general tendency for a fall in ribonucleoprotein 
with increased cell maturity. He used both cytochemical stains and quantita- 
tive microspectrophotometric techniques. Rheingold and Wislocki®® showed 
that all nucleoli of granulocytic series contained RNA, but only the cytoplasm 
of myeloblasts and progranulocytes were diffusely positive with the Feulgen | 
stain. Similar studies were reported by Gardikas and Israels.97_ The work of | 
Osgood”: * and Kline**: ** using the uptake of radioactive phosphorus in DNA 
has been mentioned. Davidson et al.28 showed that the amount of DNAP/cell | 
was relatively constant in health and leukemia, while RNAP/cell varied with | 
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the stage of maturation. Jacobson and Webb, using cytological and enzy- 
matic methods, studied the distribution of the two types of nucleic acids during 
mitotic division. Further work on the nucleic acids in leukemic cells! and 
pernicious anemia’ has been presented recently. White ef al.!% studied 
DRNP in purulent sputum, while Menten’ did chemical analyses of neutro- 
phils in abscesses of patients. DNA phosphorus and RNA phosphorus of de- 
generating cells showed a statistical relationship to the bacteria which gave rise 
to the infection. 

The lipid content of leukocytes has a long and interesting history. Boyd!” 
did a chemical analysis on the white cell fraction of blood of young women and 
found 1.7 per cent lipoids. Of this small amount, 47 per cent was phospholipid 
while 16 per cent represented free and combined cholesterol. A total fatty 
acid analysis on the leukocyte fraction showed it was 65 per cent of total lipoid. 
The histochemical approach, using Sudan dyes, has intrigued a number of in- 
vestigators. Of more recent interest has been the use of Sudan Black B,96 195-109 
which did not stain the nucleus but demonstrated or produced granules in the 
cytoplasm of myeloid cells, which were shown to increase in number with in- 
creasing cell maturity. The concept of stable sudanophilia has recently been 
well reviewed"? and discussed as a chemical combination of the dyes with cyto- 
plasmic constituents rather than on lipoid staining. Bloom and Wislocki,!"! 
using Baker’s acid hematein test and pyridine extraction, have shown nega- 
tive reactions of nuclei of myeloid cells, positive staining of mitochondria 
and myeloid granules. Whether all these elements which stain positively ac- 
tually contain phospholipid is not certain. 

6 glucuronidase activity has been demonstrated in human white cells. It is 
slightly greater in the neutrophil than lymphocyte (5:4).!1? There have been 
recent attempts!*: "4 to study variations of this activity in various diseases. 
The glucuronic content of leukocytes was reported recently,!* and it may have 
some relation to the enzyme activity. 

The phosphatases have been studied extensively in the past decade. Wach- 
stein,? Deane,!!® Rheingold and Wislocki,®* Rabinovitch and Andreucci!” and 
Storti ef al."8 have reported their histochemical findings on myeloid cells. The 
nuclei are generally positive with alkaline phosphatase techniques, while the 
acid-active enzyme shows a variable nuclear reaction. The metamyelocytes 
and segmented neutrophils show positive cytoplasmic reactions with each. 
Younger cells give a negative cytoplasmic reaction for alkaline phosphatase, 
while there is a positive reaction of myeloid granules from blast to mature 
forms. Cram and Rossiter! showed 1000 more times of alkaline phosphatase 
activity in granulocytes than in serum. Using Rossiter’s technique, Valen- 
tine! has investigated the quantitative variations in various maladies. Nu- 
cleotidase activity, which is 10 times greater in granulocytes as compared with 
lymphocytes has been studied in leukemic patients." 

Diastatic activity, when present,!” has been reported as ‘“‘highly suggestive 
but not absolutely conclusive””® in human neutrophils. Wagner believes 
that degradation of glycogen in human neutrophils is not the result of diastatic 
enzyme activity. : 

- Proteolytic enzyme activity of neutrophils includes a battery of various 
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activities under a number of names.” Leukoprotease with marked fibrinolytic: 
activity was reported by Opie.”°: ?® 27 Tryptic,2® : #3 peptidase,® peptic,” 
and catheptic”® ™ activities have been reported. 

Lipase activity has been demonstrated in the neutrophil,®: !” and it has been | 


suggested that it may well be a common esterase. Rossiter and Wong” have: 


shown this to be true for the rabbit, while also showing the absence of cholines- - 


; 


terase in white cells. The esterase in the rabbit white cells hydrolyzes tri-} 
glycerides of low molecular weight fatty acids. 

The histamine content of white cells has been well reviewed recently by 
Code. Though evidence pointed to myelocytic cells as “‘the histamine cells,” ’ 
the neutrophil of humans does not carry histamine. A more recent paper im- t 
plicates the basophil.’ 

Agner isolated a ferment from myeloid leukocytes of humans which he termed | 
verdoperoxidase (V.P.O.).%° This enzyme was recovered from empyema fluid, , 
white cells of a patient with granulocytic leukemia and chloroleukemic infil- - 
trates. V.P.O. is found only in significant amounts in myeloid cells and con-: 
stitutes from 1 to 2 per cent of dry weight of leukocytes.¥! Humble’ believed 
the green pigment of chloroma to be related to choleglobin. The histochemical | 
aspects of this enzyme and its method of demonstration have been challenged | 
recently, as have the other oxidative reactions of granulocytic cells.1*: 

Many enzymes of carbohydrate metabolism of leukocytes have been investi- : 
gated. Much of the recent work has been well reviewed by Beck and Valen- 
tine! McKinney, Martin, ef al.1*° present evidence of a Krebs cycle activity | 
in mature neutrophils. Wagner'®® reports that the glycolysis of horse, dog, and 
human are approximately the same, and he shows that leukocyte glycolysis 
occurs in lymphocyte suspensions and is not specific for neutrophilic leukocyte. 
Glyoxalase’’’ activity has also been demonstrated. Traces of catalase have | 
been mentioned in the literature. Laves and Thoma,'* in their investigations 
of granules of white cells, report that the neutrophilic granule probably con- 
tains hyaluronic acid ester. Seabra!*? has demonstrated the acid alcohol | 
fastness of these granules. Allen'® mentions that human granulocytes are 
dopa (tyrosinase) positive. Lajtha et al.!" showed the uptake of S* sulphate 
by myeloid cells only in cultures of bone marrow, which is cytoplasmic and is 
not associated with protein. They believe it represents an unknown specific 
function. Wachstein™ showed more reducing activity of exudate and more 
mature granulocytes but no difference between leukemic and normal cells of 
the same type. Weiss!’ has investigated the binding of acid and basic dyes 
at various pH ranges. 

In determining some of the functions of leukocytes, especially the mature 
granulocytes, the state of viability must be ascertained. One of the more sim- _ 
ple techniques was reported by Simpson,*” who used a dilute solution of methyl- 
ene blue. Simpson’s observations extended over a six-year period of study of 
pus cells in sputum. Wilson and Mannery” suggested that the impermeability 
of the rabbit’s white cells to trypan blue was a useful criterion. In their hands, | 
the test correlated with motility studies and with chemical evidence of the 
maintenance of concentration gradients between intracellular and extracellular | 
fluids. Tullis’* considers the phagocytic index a standard test for in vitro 
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viability, and suggests that a leukocyte loses physiological functions at vari- 

able times in a descending order: oxidative metabolism, phagocytosis, motility, 
resistance to impermeable dyes, Brownian movement, and morphologic in- 
tegrity. Kerby, 4° has presented a method for the detection of leukocyte 
injury based on the release of a lyzozyme-like enzyme. 

The ameboid motion of leukocytes has been the subject of much study, and 
this topic will be considered in detail elsewhere in this monograph. The neu- 
trophilic leukocytes move at a rate of 30.8 uw to 53.9 uw per minute.“§ This 
rate is variable, depending on methods of study, environment, species, etc. 

Lewis” studied the motion of rat granulocytes and offered an interpretation 
of the manner in which this motion is accomplished. De Bruyn"®: “9 has 
interpreted the ameboid motion of rabbit white cells in the light of Frey- 
Wyssling’s structural concept for protoplasm. Mallery and McCutcheon"®® 
have shown that neutrophils of acutely ill patients moved more slowly than 
healthy controls. One of the first investigators to show that ameboid motion 
does not run parallel to phagocytosis was de Haan.'*! Recognition of this fact 
was recently confirmed by Matoth,'? who showed a marked difference, in the 
number and quality of ameboid neutrophils in Hank’s medium, between new- 
born and adult cells. The newborn cells were sluggish, almost round with 
plump pseudopods. When adult serum was added, they were indistinguishable 
from adult cells in motility, but showed a marked difference in phagocytic 
ability. 

Phagocytosis is a well-known function of the neutrophil, and is well docu- 
‘mented in the literature.°*-"*’ Of recent interest is the work of Matoth!” 
showing considerably less phagocytosis by neonatal neutrophils as compared 
with adult cells in vitro. Jersild’s'** experiments showed that no cell younger 
than metamyelocytes was capable of phagocytosis and, in acute blastic leu- 
kemias, Jersild was able to show many peroxidase positive cells which showed 
no phagocytic ability. In general, human granulocytes show decreased phago- 
cytic ability with decreased maturity. Lerner'®® has recently reopened the 
question of “surface phagocytosis,”’ while Tullis reports on a phagocytosis 
promoting factor. The adrenal cortical activity appears to have a variable 
effect on neutrophilic phagocytosis, often depending on degree of such activity. 
In humans, Rebuck et ai.!®°-!® and others!® have shown inhibition of phago- 
cytosis, while Moeschlin'® reports no effect on neutrophils. 

The importance of phagocytosis in defense functions is basic and needs no 
lengthy discussion. Ehrich!* relates that the role of the neutrophilic granulo- 
cyte is the destruction of antigen in the essential phase of inflammation. 
Phough Rogers and Tompsett!® believed they demonstrated the survival of 
pathogenic staphylococci in human neutrophils, the validity of the technique 
has been questioned by Braude and Feltes.’® 

Chemotaxis is especially well demonstrated by the neutrophil, and can be 
exhibited in attraction or repulsion for a distance of about 1 mm. Doctor 
McCutcheon, who is eminently more qualified to discuss this interesting biologic 
phenomenon, has written about the subject in 19461 and in 19522" _Since 
this last report, there have been a few interesting communications on this sub- 
ject. Hiarris,!”° using a new technique, believes that altered tissue and exudates 
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(dead granulocytes, crushed and autolyzed tissues, enzymatic digests) were not 
chemotactic for human neutrophils. He also mentioned that if hyperlipemic 
or freshly drawn serum is used, the leukocytes had a sluggish movement. Kun 
and Chambers,!” working with rat granulocytes, suggest the possibility that 
glycogen is the natural granulocyte-attracting agent released on injury oF) 
tissue. Moon et al.,!” working with rabbit cells, suggests that normal tissues: 
contain chemotactic substances which are released from areas of injury an 
initiate the complex activities of acute inflammation. Leukotaxine and exudi 
have been discussed by Menkin'”: 14 recently in relation to ACTH (corticotro+ 
pin) and cortisone in inflamed areas. Menkin’s interesting experiments were 
conducted on rabbits and dogs. 

Adherence to endothelium, subsequent diapedisis, and eventual emigratio 
to areas of inflammation, even in relatively avascular tissues, are other well] 
known biologic properties or functions of leukocytes. Rebuck has shown that 
neutrophils are seen as soon as 30 minutes after an inflammatory stimulus is 
instituted in his human skin windows.!”* The cellular exudate consists of 
neutrophils and histiocytes for the first 8 hours. After performing their phago-+ 
cytic functions, they lose much of their granule-containing cytoplasm in th 
form of small fragments.!* These free particles are then ingested by macro- 
phages and may represent a trephocytic-type of function as described by; 
Carrel.!” This particulate transfer of cytoplasm is believed to account for th 
rapid assumption of peroxidase positive cytoplasm™®: ° and enhanced Nadi 
reaction!®® by lymphocytes and macrophages in areas of acute inflammation. 
Such a transfer could work in the opposite direction (i.e., from lymphocyte t 
neutrophil) and its importance in biochemistry and histochemistry of leuko 
cytes bears further investigation. 

The proteolytic enzymes find their usefulness in the digestion of bacteria an 
other inflammatory products,!” e.g., fibrin network of pneumonia and necroti 
tissues of furuncle.”° In this regard, it was Grob'®! who found that the products: 
of hydrolysis of leukoprotease or trypsin, in the cat and rat, could stimulat 
bacterial growth and could inhibit sulfonamide action directly and indirectly. 

Cram and Rossiter"? found 1000 times more alkaline phosphatase activity in’ 
the granulocytes than in serum, and suggested that they are the major source: 
of serum alkaline phosphatase. Wachstein? and Fell!®2 have demonstrated 
evidence of increased enzyme activity in neutrophils in inflammatory processes. | 
Storti ef al.!* have recently summarized the literature on various techniques in 
determining phosphatase activity. They relate their results to the distribu- 
tion of the lipids, polysaccharides, and nucleic acids and to the enzyme in the? 
same cell. The metabolic parameters or biochemical signatures of various; 
disease processes involving leukocytes has been discussed by Valentine!2% 18) 
and by others,™ e.g., in leukocytosis, the alkaline phosphatase activity may be? 
five times normal values while, in chronic myelogenous leukemia, the value is: 
significantly lower. 

The role of 8 glucuronidase has not been definitely resolved. Rossiter and| 
Wong!” speculated that it may be part of the complex tissue reaction of in-- 
flammation via hydrolysis of glucuronic acid derivatives. Follette ef a/.8 sug-: 
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gest a possible relationship between glucuronic acid and the enzyme in cellular 
detoxification. Meyer et al.'8° do not believe that monosaccharides can be pro- 
duced from hyaluronate when previously exposed to hyaluronidase in the hu- 
man body. This production occurs in vitro, as they have shown. However, 
it has not been proved mot to occur under the complex reactions in inflammatory 
tissues which may have, in their environment, many ancillary factors. The 
fate of aldobionic acid derivatives isolated from various types of pneumococci 
has not been thoroughly investigated. 

Bokretas,'** in 1937, showed that the cholesterol of leukocytes decreased with 
pyrexia in infective diseases and increased after fever. He found free choles- 
terol in the cells and believed it was concerned with the fixation of toxins and 

the formation of immune bodies. Any confirmation of this work has eluded me. 

_ Verdoperoxidase constitutes 1 to 2 per cent granulocytes, according to Agner, 
who suggested that, because of its peroxidatic activity, uric acid is oxidized 
to an intermediate that inactivates diphtheria toxin and, because of the similar- 
ity of its absorption spectra to cytochrome A, it may be a respiratory pig- 
ment.'*°: 187, 188 The latter function has been seriously questioned by Chance” 
on the basis of his spectrophotometric studies. Delaunay,!® on the basis of 
enzyme inhibitors in his work on chemotaxis, believes that the abundance of 
peroxidase in neutrophilic leukocytes, as compared with lymphocytes, is related 
to their migratory power. Two recent reports are interesting on this extra- 
ordinary component. Schultz et al.,!8° in studying chloromatous tumors of 
rats produced by injection of material from a patient with granulocytic leu- 
-kemia, find verdoperoxidase in concentrations up to five times higher than that 
reported by Agner. The other report is one by Maehly and Chance,‘ recom- 
mending quaiacol and pyrogallol as histochemical-staining reagents for per- 
oxidase. These investigators also state ‘‘it is much more difficult to avoid inter- 
ference from oxidase action, however, in whole cells than in solution. No 
reliable methods are known to the authors that would allow a sharp discrimina- 
tion between oxidase and peroxidase activities im vivo.” The use of carbon 
monoxide or potassium cyanide as test inhibitors has been proposed. Ben- 
nett! reported the presence of a fever-producing factor extracted from animal 
tissue which differed from Menkin’s pyrexin. 

‘Bunting® mentions the possibility that, like other tissue cells, the neu- 
trophilic leukocyte may yield thromboplastin and hence aid in the coagulation 
of blood. Leukocytic secretory function, which includes that of the granulo- 
cytes, is discussed in this monograph by Doctor Richter. Duran-Jorda'® con- 
tends that the neutrophil secretes pus and, in the process, changes its size and 
Muclear structure, and becomes a mononuclear. Eventually, he believes, it 
becomes a lymphocyte. 

In 1939, Williams and Dougherty’ reported on the increase in complement 
activity of guinea pig serum following injection of aleuronat. Since this ac- 
tivity produced a heterophilic leukocytosis, the possibility of heterophils as a 
source of serum complement was raised. 

The existence of A-B-O blood group antigens in leukocytes has been reported 
briefly by Twible.*® There was no distinction made between the granular and 
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nongranular white cells. Immunologic investigations and reports on leuko- 
cytes are appearing more frequently in the recent literature”: %: 194, 18 and) | 
though interesting, they do not merit a discussion by themselves. ae 

There are many facets of the biology of the neutrophilic leukocyte which | 
have not been considered adequately in this running sketch. Some of these 
facets are considered later in this monograph. The human neutrophilic leuko- | 
cyte has been a stimulus for many reports in the literature. As yet, knowledge | 
of specific mechanisms and functions of these leukocytes is at a primitive level. 
The facts are few; the unanswered questions are many. There is little doubt 
that this monograph will contribute to a better understanding of some of these 
problems. 

The author wishes to express his sincere gratitude to his wife and to the many 
members of the Henry Ford Hospital staff who have helped in the preparation 
of this manuscript. 


Bibliography 


. Beck, W.S. & W.N. VALENTINE. 1953. Cancer Research. 13: 309. 

. WacusTEIN, M. 1946. J. Lab. Clin. Med. 31: 1. 

. WacusTErIn, M. 1949. Proc. Soc. Exptl. Biol. Med. 72: 175. 

. Harcut, W. F. & R. J. Rossiter. 1950. Blood. 5: 267. 

. Barnes, J. M. 1940. Brit. J. Exptl. Path. 21: 264. 

. Rotteston, H. 1934. Proc. Roy. Soc. Med. 27: 1161. 

. Narcet1, O. 1931. Blutkrankheiten und Blutdiagnostik. 5th ed. Springer. Ber- 
lin, Germany. 

. Minot, C. S. 1912. Human Embryology. 2: 517. E. Keibel & F. P. Mall, Eds. 
Lippincott. Philadelphia, Pa. 

. AtBRiTTON, E. C. (Ed). 1952. Standard Values in Blood. : 67-69. Saunders. 
Philadelphia, Pa. 

10. Eee? M.M. 1951. Clinical Hematology. : 43. Lea & Febiger. Philadelphia, 

a. 
11. KrumpByaar, E.B. 1932. Am. J. Med. Sci. 184: 215. 
12. Jacosson, L. O., E. K. Marks, M. J. Rosson, E. Gaston & R. E. Zirxte. 1949. J. 
Lab. Clin. Med. 34: 1358. 
13. Jacosson, L. O., E. L. Summons, E. K. Marks, E. O. Gaston, M. J. Rosson & J. H. 
ELDREDGE. 1951. J. Lab. Clin. Med. 37: 683. 

14. Lorenz, E., C. Concpon & D. UpHorr. 1951. Radiology. 58: 863. 

15. Wricut, C.S. 1950. Am. J. Roentgenol. Radium Therapy. 64: 907. 

16. eee C.S. 1953. Blood Cells and Proteins. : 284. Academic Press. New York, 


Ne) i.e) NSITO Ue WN 


17. Doan, C. A., L. G. ZERFAS, S. WARREN & O. Ames. 1928. J. Exptl. Med. 47: 403. 

18. Sarin, F. R., R. S. Cunnincuam, C. A. Doan & J. A. Krypwatr. 1925. Bull. Johns 
Hopkins Hosp. 37: 14. 

19. Sasin, F.R. 1928. Physiol. Revs. 8: 91. 

20, Smirn, C. & A.M. McDowetr. 1929. Arch. Internal Med. 43: 68. 

21. Garrey, W. E. & V. Burter. 1929. Am. J. Physiol. 2: 90. 

22. GarRrEY, W. E. & V. Butter. 1929. Proc. Staff Meetings Mayo Clinic. 4: 20. 

23. Kocu, E. & P. Luppers. 1949. Deut. Arch. klin. Med. 196: 268. 

ge ee ks ee ue Soc. Exptl. Biol. Med. 45: 863. 

. KEeNNON, b. R., M. E. Saipp & D.C. HETHERINGTON. 1937. Am. J. Physiol. 4 : 
26. Turis, J. L. 1947. J. Clin. Invest. 26: 1098. Wisisue ec 
27. Turis, J. L. 1948. Am. J. Med. Sci. 215: 424. 

28. Turis, J. L. 1953. Blood Cells and Plasma Proteins. : 265. Academic Press. New 
orks iNeeye 

29. Lupen,G. 1917. J. Lab. Clin. Med. 3: 141. 

30. Garrey, W. E. & W.R. Bryan. 1935. Physiol Revs. 15: 597. 

31. Perraxis, N.L. 1954. J. Clin. Invest. 33: 27. 


O28 ee E. V. 1942. Problems of Ageing. : 629. Williams & Wilkins. Baltimore, 


Sieracki: The Neutrophilic Leukocyte 703 


. Roperts, S. R. & R. R. KrAcke. 1930. J. Am. Med. Assoc. 95: 780. 

. WuitE, L. P. 1954. Blood. 9: 73. 

- Kune, D. L. & E. E. Crirrron. 1952. Science. 115: 9. 

. Kure, D.L. & E.E. Cuirrron. 1952. J. Applied Physiol. 5: 79. 

. Smupson, H.R. E. 1943. Brit. J. Expti. Path. 24: 218. 

. Oscoop, E E. 1937. J. Am. Med. Assoc. 109: 933. 

. JEANNERET, H. & R. Fiscuer. 1941. Schweiz. med. Wochschr. 71: 204. 

. ScuppER, J., C. R. Drew, E. Turn: & M.E. Smit. 1941. Bull. N. Y. Acad. Med. 


bis) 2:73. 


- Ketemen, E., G. Brxicn, J. Barsora & B. Tanas. 1953. Acta Hematol. 9: 171. 
P cs E. E., H. Tivey, K. B. Davison, A. J. SEAMAN & J.G. Lr. 1952. Cancer. 5: 


: eo E.E., J. G. Lt, H. Tirvey, M.L. Durerst & A. J.Seaman. 1951. Science. 114: 


. CUNNINGHAM, L. 1951. Science. 115: 504. 

. VALLEE, B. L., W. L. Hucues, Jr., & J.G. Gipson. 1947. Blood, Special Issue 1: 82. 
. SPEAR, F. 1948. Blood. 3: 1055. 

. Minor, A. H. & L. Burnetr. 1949. Blood. 4: 667. 

. Li, J. G. & E. Oscoop. 1949. Blood. 4: 670. 

. Bucxtey, E. S., M. J. Powrtt & J. G. Grsson. 1950. J. Lab. Clin. Med. 36: 29. 

. Rigas, D. A., J. G. Lit, & E. E. Oscoop. 1951. Am. J. Med. 10: 776. 

burns. ys Ler 1952). Blood. 7: 891. 

Seburnisnye L. 91951.2- Blood. 6:74:72! 

. Buntinc, C. H. 1938. Handbook of Hematology. Vol. 1. Hoeber. New York, 


ING Y.. 


. ScHwinp, J. L. 1950. Blood. 5: 597. 

. Brock, M. et al. 1953. J. Lab. Clin. Med. 42: 145. 

. Bessts, M. & M. Bricka. 1949. Rev. Hematol. 4: 350. 
. DiscomsBe, G. 1950. Acta Hematol. 3: 151. 

. Marcnant, J. 1952. Quart. J. Microscop. Sci. 93: 395. 


58a. Poricarp, A. & A. Cortet. 1953. Rev. Hematol. 8: 132. 


59. 
. Bessts, M. 1950. Blood. 5: 1083. 

. Resuck, J.W. 1950. Papers of Mich. Acad. Sci., Arts & Letters. 36: 317. 

. Repuck, J. W. & H. L. Woops. 1949. Federation Proc. 8: 365. 

. Hacuenau, F. & W. BERNHARD. 1952. Exptl. Cell Research. 3: 629. 

. Kautz, J. & Q. B. DeEMarsn. 1954. Blood. 9: 24. 

. Kautz, J. Personal communication. 

. Freck, L. & Z. MurczynsKa. 1942. Medycyna Weterynaryna No. 2. 

. Freck, L. 1951. Texas Repts. Biol. Med. 9: 697. 

. Moescuiin, S. & E. Scumip. 1954. Acta Hematol. 11: 241. 

. Extasopu, B. 1924. Z. ges. exptl. Med. 41: 317. 

. ABRAMSON, H. A. 1924. Am. J. Med. Sci. 167: 702. 

. Mupp, S. & E.B.H. Mupp. 1926. J. Exptl. Med. 43: 127. 

. Frirze, E. 1950. Acta Hematol. 4: 351; also Z. J. klin. Med. 147: 568. 

. Enpres, G. & L. Hercer. 1929. Z. J. Biol. 88: 451. 

. Witson, D. L. & J. F. Mannery. 1949. J. Cellular Comp. Physiol. 34: 493. 

. SHENK, W. D. 1954. Arch. Biochem. & Biophys. 49: 138. 

. VALLEE, B. L. & J. G. Gipson, 2nND. 1948. J. Biol. Chem. 176: 445. 

. VALLEE, B. L. & M. D. Artscuute. 1949. Blood. 4: 398. 

. Grsson, J. G., 2np, B. L. Vatrer, R. G. Frunarty & J. E. Nerson. 1950. Acta 


Resuck, J. W. & H. Woops. 1948. Blood. 3: 175. 


Unio Intern. contra Cancrum. 6: 112. 


. VALLEE, B. L. & J. G. Grsson, 2nd. 1949. Blood. 4: 455. 

. Hocu, F. L. & B. L. Vartrr. 1952. J. Biol. Chem. 195: 531. 

. Bopansky, O., F. Wropurewski & B. Marxarpt. 1952. Cancer. 5: 678. 

. SWENDSEID, M. E., F. H. Bernery & O. D. Brrp. 1951. Cancer Research. 11: 864. 
. ABELS, J. C., A. T. Gornam, L. Craver & C. P. Ruoaps. 1942. J. Clin. Invest. 21: 


Tide 


. Mancint, R. E. 1948. Anat. Record. 101: 149. 

. WacusTEIN, M. 1949. Blood. 4: 54. 

. Wistocxt, G. B., J. J. Ruerncorp & E. W. Dempsey. 1949. Blood. 4: 562. 
. Gres, R. P. & R. E. Srowety. 1949. Blood. 4: 569. 

. ErAnxo, O. 1950. Ann. Med. Exptl. et Biol. Fenn. 28: 1. 

. Wacner, R. 1947. Am. J. Diseases Children. 73: 559. 


Annals New York Academy of Sciences 


_ Suter, E. 1947. Helv. Physiol. et Pharmacol. Acta. 5: 6. 

. WacneR, R. 1947. Blood. 2: 235. 

. LaCour, L. F. 1944, Proc. Roy. Soc. Edinburgh. 62: 1B: 

. Waite, J.C. 1947. J. Path. Bact. 59: 223. , 

’ VAN DEN Bercue, L. & J. Horrman. 1945. Compt. rend. soc. biol. 139: 324. 
. Tuorett, B. 1947. Studies on the Formation of Cellular Substances During Blood 


Cell Production. Klimpton. London, England. 


. RHEINGOLD, J. J. & G. B. Wistocki. 1948. Blood. 8: 641. 

. Garprkas, C. & M. C. G. Israzts. 1948. J. Clin. Path. 1: 226. 

. Davinson, J. N., I. Leste & J.C. Warre. 1951. J. Path. Bact. 63: 471. 
. Jacozson, W. & M. Wess. 1951. J. Physiol. 112: 2P. 

. Menten, M. L. & M. Wits. 1953. Cancer Research. 13: 133% 

. Waite, J. C., I. Lestre & J. N. Davipson. 1953. J. Path. Bact. 65: 291. 
. Wuite, J. C., P. C. Ermes & A. WatsH. 1954. J. Path. Bact. 66: 105. 

. Menten, M. L. & M. Wits. 1954. Arch. Path. 57: 147. 

. Boyp, E.M. 1933. J. Biol. Chem. 101: 623. 

. SHEEHAN, H.L. 1939. J. Path. Bact. 49: 580. 

. McManus, J. F. A. 1945. Nature. 156: 173. 

. Baturrr, R. N. & C. Krwsrovucn. 1947. J. Lab. Clin. Med. 32: 155. 

. Srorti, E. & S. Perucini. 1951. Acta Hematol. 5: 321. 

. Havuor, F.G.H. 1953. J. Path. Bact. 65: 413. 

. Liu, R. D. & H. J. Burtner. 1953. J. Histochem. Cytochem. 1: 8. 

. Broom, M. L. & G. B. Wistockt. 1950. Blood. 5: 79. 

. Rossrrer, R. J. & E. Wonc. 1950. Blood. 5: 864. 

. Fottette, J. H., W. N. VALENTINE & J. S. LAwRENcE. 1952. J. Lab. Clin. Med. 40: 


825. 


. AntyAn, A.J. 1954. Cancer. 7: 391. 
. Foizette, J. H., W. N. VALENTINE, E. B. Harpin & J.S. LAWRENCE. 1954. J. Lab. 


Clin. Med. 48: 134. 


. Deane, H. W. 1947. Am. J. Anat. 80: 321. 

. Rasinovitcu, M. & D. ANpREuccrI. 1949. Blood. 4: 580. 

. Srortt, E., S. Peructint & V. Rosst. 1953. Medicina (Parma). 3: 333. 

. Cram, D.M. & R. J. Rossirer. 1949. Can. J. Research. 27: 290. 

. VALENTINE, W. N. 1951. J. Lab. Clin. Med. 38: 39. 

. SWENDSIED, M. E., P. Wricut & F.H. BetHErr. 1952. J. Lab. Clin. Med. 40: 515. 
. Morris, R.S. & T. R. Boccs. 1911. Arch. Internal Med. 8: 806. 

. FressincGer, N. 1923. Les Ferments des Leucocytes en Physiologie et Therapeutics 


Générales. Masson. Paris, France. 


. WARNER, R. 1950. Arch. Biochem. Biophys. 26: 123. 

. Opie, E.L. 1906. J. Exptl. Med. 8: 40. 

. Oprz, E.L. 1910. Arch. Internal Med. 5: 541. 

. Opie, E.L. 1922. Physiol. Revs. 2: 552. 

. Rossiter, R. J. & E. Wonc. 1949. J. Biol. Chem. 180: 933. 

. Cong, C. F., R. G. Mitcnetr & J. C. Kennepy. 1954. Proc. Staff Meetings Mayo 


Clinic. 29: 200 
Acner, K. 1941. Acta Physiol. Scand. 2 (Suppl. 8). 


. AGNER, K. 1943. Verdoperoxidase Adv. Enzym. 3: 137. 

. Humsie, J.G. 1946. Quart. J. Med. 15: 299. 

. Gomori, G. 1953. J. Histochem. Cytochem. 1: 493. 

- Guick,D. 1954. Methods of Biochemical Analysis. Interscience. New York, N. Y. 
- McKinney, G. R., S. P. Martin, R. W. Runptes & R. GREEN. 1953. J. Applied 


Physiol. 5: 335. 


. Wacner, R. & A. Yourke. 1953. Arch. Biochem. Biophys. 44: 415. 

; oe CS 1953. Arch. Biochem. Biophys. 46: 246. 

. LaveEs, W. . THOMA. 1950. Arch. path. : i i ; : 
Bost ocd. bao. path. Anat. Physiol. Virchow’s. 318: 74. 
. ALLEN, A. 1952. Pathology. W.A.D. Anderson, Ed. Mosby. S i 

. Lajyraa, L. G., F. Erxis & R. Oriver. 1953. Brit. J. Cancer. T: 401. ce 
. WacustTEIN, M. 1950. Proc. Soc. Exptl. Biol. Med. 73: 3061. 

. Werss, L. P. 1953. Blood. 8: 249. 

. Kersy, G. P. 1952. Proc. Soc. Exptl. Biol. Med. 81: 129. 

. Kerpy, G. P. &S.N. Cuaupurr. 1953. J. Lab. Clin. Med. 41: 632 

. Henperson, M. 1928. Anat. Record. 38: 71. 

. Lewis, W.H, 1934. Bull. Johns Hopkins Hosp. 49; 29, 


Sieracki: The N eutrophilic Leukocyte 705 


148. DeBruyn, P. 1944. Anat. Record. 89: 43. 
149. DEBRuyn, P. 1946. Anat. Record. 95: 177. 
150. Matrery, O. T. & M. McCurcueon. 1940. Am. J. Med. Sci. 200: 394. 
151. pEHaaN, J. 1922. Arch. ges. Physiol. Pfliigers. 194: 448. 
152. Matotu, Y. 1952. Pediatrics. 9: 748. 
153. Mupp, S.,M. McCurcuron & B. Lucker. 1934. Physiol. Revs. 14: 210. 
— 154, Strumia, M. & F. Borner, 1937. Am. J. Path. 13: 335. 
155. Hertzoc, A. J. 1938. Am. J. Path. 14: 595, 
156. Iams, A. M. & H.M. Kerry. 1947, J. Pediat. 30: 123. 
157. Berry, L. J. & T. D. Spres. 1949. Medicine. 28: 239. 
158, Jersttp, M. 1948. Acta Med. Scand. Suppl. 213: 238. 
_ 159. Lerner, E. M. & J. Victor. 1952. Proc. Soc. Exptl. Biol. Med. 
— 160. Resuck, J. W., R. W. Smire & R. R. Marcutis. 1951. Gastroenterology. 19: 644. 
— 161. Resuck, J. W., R. W. Smita & R. R. Marcuuis. 1951. Federation Proc. 10: 369, 
162. Resuck, J. W., R. W. Smite & R. R. Marcuuis. 1951. Proc. 2nd ACTH Clinical 
Conf.: 460-467. Blakiston. Philadelphia, Pa. 
163. Resuck, J. W. & R. C. MELLINGER. 1953. Ann. N. Y. Acad. Sci. 56: 175. 
164. Se B., G. E. Macnin & C. V. SEastonE. 1951. Proc. Soc. Exptl. Biol. Med. 
165. Morscuuin, S., W. ZuruKzacitu & J. CraBBiE. 1953. Acta Hematol. 9: 278. 
166. Enrico, W.E. 1949. J. Mt. Sinai Hosp. N, Y. 15: 337. 
167. Rocrers, D. E. & R. Tompserr. 1952. J. Exptl. Med. 95: 209. 
168. BraupE, A. I. & J. Fettes. 1953. J. Lab. Clin. Med. 42: 289. 
169. McCurcHreon, M. 1946. Physiol. Revs. 26: 319. 
170. Harris, H. 1953. J. Path. Bact. 46: 135. 
171. Kuna, A. & R. CoAmpers. 1953. J. Clin. Invest. 32: 436. 
172. Moon, V. H., C. G. Granp & G. A. TerscHakovec. 1954. Arch. Path: 57: 44. 
173. Menxin, V. 1953. Brit. J. Exptl. Path. 34: 412. 
174. Menxin, V. 1953. Brit. J. Exptl. Path. 34: 420. 
175. Repuck, J. W. 1947. Ph.D. Thesis. Univ. of Minnesota. Minneapolis, Minn. 
176. Repuck, J. W. 1949. Anat. Record. 103: 497. 
177. Carret, A. 1924. J. Am. Med. Assoc. 28: 255. 
178. Resuck, J. W. & E. A. MonacHan. 1948. Federation Proc. 7: 277. 
179. Repuck, J.W. 1950. J. Lab. Clin. Med. 36: 1009. 
180. Resuck, J. W. 1952. Federation Proc. 2: 424. 
181. Gros, D. 1950. J. Gen. Physiol. 33: 103. 
182. Fert, H. B. & J. F. Danterii. 1943. Brit. J. Exptl. Path. 24: 196. 
183. Storti, E., S. Perucint & V. Rossi. 1953. Medicina (Parma). 3: 333. 
184. VALENTINE, W.N. 1951. Blood. 6: 845. 
185. Meyer, K., A. Linker & M. M. Rappaport. 1951. J. Biol. Chem. 192: 275. 
186. Boxretas, A. 1937. Folia Hematol. 58: 230. 
187. Acner,K. 1947. Nature. 159: 271. 
188. Acner, K. 1949. Federation Proc. 8: 178. 
189. Detaunay, A., J. Lesrun & M. BarBer. 1951. Nature. 16: 774. 
190. Scuuttz, J.,H. SHay & M. GruensTEIN. 1954. Cancer Research. 14: 157, 
191. Bennett, I. L. & P. B. BEEson. 1953. J. Exptl. Med. 98: 493. 
192. DuraAN-JorDA, F. 1945. Nature. 156: 110. 
193. Witirams, O. O. & T. Doucuerty. 1939. J. Immunol. 36: 559. 
194, Frncu, S. C., J. F. Ross & F.G. Esaucn. 1953. J. Lab. Clin. Invest. 42: 555. 
195. Dausset, J. 1953. Presse Méd. 61: 1533. 


PHYSIOLOGICAL APPROACHES TO AN UNDERSTANDING 
OF THE FUNCTION OF EOSINOPHILS AND BASOPHILS 


By R. S. Speirs* 
Roscoe B. Jackson Memorial Laboratory, Bar Harbor, Me. 


1. Eosinophils 


The eosinophil cell of the blood has been a source of fascination to many 
people during the last 60 years. Emil Schwarz published a paper reviewing 
eosinophils in 1914, listing over 2700 references. Each succeeding year has 
seen the publication of hundreds of additional papers and, at the present time, 
it seems that no issue of a biological or medical journal would be complete 
without a reference to these cells.18: #6» 76. 80, 107. 118, 128, 174, 187 

There are probably a number of reasons for this tremendous interest in one 
of the less numerous cells of the blood. This cell is certainly distinct, in ap- 
pearance and staining characteristics, from all other cells of the body. This 
distinction enables it to be readily seen in tissues as well as blood. Most im- 
portant, however, is the fact that unlike most other cells of the blood, relatively 
simple and rapid techniques are available for quantitative determinations in 
blood and tissue fluids. These techniques are based upon: (1) the ability of 
the eosinophil granules to stain with acid dyes, and (2) the resistance of the 
cell to hypotonic solutions. Some of the eosinophil diluents used have been 
briefly reviewed,“ and there have been many other papers describing the vari- 
ations of the technique and the statistical treatment of the results to determine 
accuracy.*: 15> 19, 29. 58,65, 181, 166, 220; 287. “Phere have also’ been two reports mums 
lished in 1928 concerning the differentiation of eosinophils from pseudoeosino- 
phils. 189: 200 

The techniques described have been extensively used in the clinic and in the 
research laboratory for a wide variety of studies. Eosinophil levels, or a change 
in these levels following specific stimuli, have been used to assay adrenal corti- 
cal hormones?! 100, 184, 185, 206 and ACTH.!: 2% These cells have been used 
in the clinic to aid in the diagnosis of various conditions such as Addisonian or 
Cushing’s disease,'*: *!8. 2!® Loeffler’s syndrome,!*** certain malignant tumors,}*: 
“9, 49, 174 parasitic infections,” 2! benzol poisoning,”* and allergy, 1 and 
to evaluate the doses of hormones needed in the treatment of certain diseases.!8: 
®, 199, 248 Eosinophils have also been suggested asa means of detecting stress,!% 
of determining dangerous amounts of radiation,’ of evaluating responses to 
surgical trauma,“ ?¢. 151, 177, 196 and have been noted to accumulate in skin 
grafts which are about to slough off.” An increase in the number of eosino- 
phils follows the termination of most infectious diseases and is used as a good 
prognostic sign.!2%> 174 

It is beyond the scope of this paper to attempt to review all the extensive 
literature concerning this cell. Instead, an attempt will be made to present 
the National inetitttes ob Heuins Bub Teslen Screiee and cea ae aE hn ee 
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some of our more recent experiments regarding the factors involved in produc- 

ing an eosinophilia and possible interpretations from these findings. 

___ In 1889, Ehrlich and Lazarus pointed out that foreign materials such as para- 
sitic extracts were chemotactic for eosinophils. This finding has been confirmed 

in many experiments since then,* 79 86: 107, 109, 285 and Ringoen! concluded 

that foreign proteins are the chief factors responsible for the increased produc- 

_ tion of eosinophils. It has been clearly demonstrated that repeated injections 
of a foreign protein or of an antigenic material will lead to a local and systemic 
increase in the number of eosinophils.?® *: 4, 1, 154,155 Furthermore, clini- 
cians have long been aware that eosinophils are in some way related to diseases 
of sensitization and respond specifically during such diseases.!® The number 
and proportion of eosinophils are greatly increased in patients afflicted with 
various types of allergy,!8: 20> 32. 34, 61, 98, 99, 128, 155, 161, 183, 190, 217 with parasitic 
infection, especially by nematodes, **; 1%, 107, 155. 217 and following anaphylac- 
tic reactions.*4, ©, 63, 88, 98, 190, 193, 228 Ringoen!”* observed that every animal 
that survived an anaphylactic reaction exhibited an eosinophilia. 

Systemic or blood cellular changes have been extensively investigated and 
reported, but there have been comparatively few studies in recent years of 
local responses of eosinophils to physiologically active materials. This lack 
of data is due in part to the difficulty in obtaining quantitative estimations of 
cells outside the blood vessels, as in connective tissue or in various organs of 
the body. Webb?! used fluid taken from slashed organs composed of tissue 
fluid cells plus blood from the minute blood vessels. This method held a great 
deal of promise, but it has not been popularly used. Rebuck (in this mono- 
graph) and Dougherty® have developed excellent techniques for studying 
qualitatively cellular responses in tissue fluids, but these techniques cannot be 
used for quantitative studies of the cells. 

Undoubtedly, the most satisfactory method of overcoming the difficulty of 
quantitative measurements is to make use of the fluids which accumulate in 
various areas of the body, as in the peritoneal cavity,!*; 18. 122, 157, 158, 160, 163 
194, 231, 233, 234, 235 in the pleural cavity, 27, 136 or in blisters,° 91, 124, 125 in 
lymph,”» !8¢ 284 in sputum,™ in nasal secretions,'”*’ 1° in aqueous and vitreous 
-humors,!'®: #7 in urine, and in stools. 

The fluid from the peritoneal space is an excellent medium for observing 
leukocytes and other cells, especially following inflammatory changes produced 
there by hormones, drugs, and various other active substances. With slight 
modifications, the standard hematological techniques can be applied to peri- 

-toneal fluid. , . 

We began conducting a series of studies on the cells of the peritoneal cavity 
in an attempt to correlate the blood eosinophils with those found outside blood 
vessels. In this manner, we hoped to learn more about the physiology of these 
cells and the effect of certain hormones and drugs upon eosinophils. This ap- 
proach has proved so successful that it has been expanded to include a wider 
variety of materials having a physiological effect, as well as a study of the ac- 
tions and functions of other cells. 

One of the first studies we were able to perform with this technique was in 
the action of adrenal hormones upon eosinophils induced into the peritoneal 
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FicurE 1. Comparison of the effects of subcutaneous and intraperitoneal injections of 100 micrograms of 
cortisone upon eosinophils in the blood and peritoneal fluid. The initial low eosinophil counts of intraperi- 
toneally injected animals were due to a dilution of the peritoneal fluid. This disappeared within three hours. 
(Data from Panzenhagen and Speirs, 1953.16) 


fluid by repeated injections of horse serum. By quantitatively determining 
the number of eosinophils in the blood and in the peritoneal fluid following the 
injection, or following an implantation of a hard pellet of these hormones, we 
found that the eosinophils decreased first in the blood and, hours later, in the 
peritoneal fluid (see FIGURE 1). Cortisone produced essentially the same re- 
sponse, whether it was given intraperitoneally or subcutaneously. The dis- 
appearance of the eosinophils is explained by: (1) the migration of the cells 
out of the peritoneal cavity and into the blood; and (2) a local phagocytosis 
which goes on independently of the adrenal hormone’s concentration.1%> 157, 158 
These results indicate that physiological doses of cortisone, compound F, and 
epinephrine do not have a direct lytic action upon eosinophils in vivo. Similar 
results were obtained following histamine injections. Accordingly, we could 
not substantiate the hypothesis of Muehrcke!48 and Godlowski,*”: 8 ® that 
the adrenal cortical hormones produce a direct lytic action upon eosinophils. 
It should also be noted that other investigators have not been able to repeat 
the experiments of these authors.!9> 36, 50, 75, 76 

Our attention then turned to the factors involved in producing an increase in 
the number of eosinophils and of other cells in the peritoneal fluid. In order 
to avoid the tremendous fluctuations of blood cells brought about by stress 
produced by handling,”** adrenalectomized animals were used, as well as intact 
animals. Genetic factors and sex differences known to have marked influences 
on physiological responses were controlled in these experiments by using 
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_ Ficure 2. Comparison of the cellular response in the peritoneal fluid following single intraperitoneal injec- 
tions of various substances. 


_ hybrid BBF; male mice. The techniques used in these studies are to be re- 
ported elsewhere. Chamber counts?“ were made for: (1) the total number of 
cells; (2) eosinophils; and (3) mast cells: In addition, films were made and 
stained with Wright-Giemsa blood stains, and differential counts were per- 
formed. In some cases, the leukocytes were clumped together, making an 
accurate total count impossible. However, this clumping did not occur when 
the eosinophil diluent was used, and this count was considered to be reasonably 
accurate.}® 

FIGURE 2 shows the total number of cells and eosinophils found in peritoneal 
fluid of male BBF; mice 48 hours following a single injection of various ma- 
terials. The saline-injected animals listed in the first column on the left con- 
tained cell numbers which were not significantly different from uninjected mice 
(not shown). Single injections of egg albumen, pollen extract (Mixed Ragweed 
Pollen Extract, Abbott Laboratories), ascaris extract, and numerous other ma- 
terials produced an increase in the peritoneal cells, due primarily to an in- 
-creased concentration of polymorphonuclear neutrophils. This effect is simi- 
lar to the response which has been reported in other animals.\*: 107) 198, 194, 261 
The injection of mineral oil caused an over-all increase in the amount of fluid 
in the peritoneal cavity. However, there was a depression of the total num- 
ber of cells per cubic millimeter. This reduction was partly due to the unab- 
sorbed mineral oil which was taken up in our pipets along with the peritoneal 
fluid. The differential counts made from these animals showed a marked 
increase in the proportion of polymorphonuclear neutrophils present. 

It may be further seen in FIGURE 2, that there is not a marked difference in 
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Ficure 3. Comparison of the cellular responses in the peritoneal fluid following multiple intraperitoneal in- 
jections of various substances. Adrenalectomy resulted in higher eosinophil counts in animals receiving antigenic 
substances, but not in animals receiving saline, mineral oil, or pyromen. The total number of cells present is not 
accurate because a clumping of the cells made counting difficult. This clumping was not observed in the eosiniphil 
diluent. 


the response of adrenalectomized mice on the right-hand side and the intact 
mice on the left-hand side. Thus, single injections of antigenic material do 
not produce marked increases in the total number of cells or in the number of 
eosinophils in the peritoneal fluid 48 hours after an intraperitoneal injection. 
Oil injections, on the other hand, produced a marked decrease in the number 
of mast cells present in the peritoneal cavity. 

FIGURE 3 shows the response of peritoneal cells to repeated injections of 
various substances. These animals were injected on Monday, Tuesday, and 
Wednesday, for the first week, and every Monday, for the following three weeks. 
Determinations of the peritoneal cells were made 48 hours following the last 
injection. It may be seen that, with the exception of the mineral oil, repeated 
injections of these materials caused an increase in the total number of cells 
in the peritoneal fluid. There was an increase in the number of eosinophils in 
all groups, but the animals receiving pollen extract, horse serum (diluted 1:100 
with saline), and ascaris extract had the most striking increases. Further- 
more, there was a marked difference in the eosinophil response of the adrenalec- 
tomized mice shown on the right over the intact animals. This difference was 
due to a marked increase in the proportion and absolute number of eosinophils 
present in the adrenalectomized mice. 

This increase in eosinophils in intact and adrenalectomized animals is a 
specific reaction to the reinjection of specific antigenic material. The same 
antigen must be injected repeatedly at wide intervals in order to obtain the 
eosinophilia; injections of different substances do not give the response.2% #3 116 


‘Speirs: Eosinophils and Basophils 711 


Furthermore, various amino acids tried did not produce the response, but the 
polypeptides did.26 1%, 198 

The eosinophil response reported here in the adrenalectomized mice is remi- 
niscent of the allergic responses found in the clinic.7: 18% For example, Ringoen 
(1938)'4 has pointed out that a blood eosinophilia is generally recognized as 
a constant and definite feature of allergy. 

The eosinophil is the only cell which is known to respond specifically during 
states of hypersensitivity,” 1° and it has been shown that these cells are spe- 
cifically attracted to the shock tissues.'8: 8! Eriksson-Lihr™ noted that in a 
study of 500 cases of allergies, there was observed a consistent tendency to 
lymphocytosis and eosinophilia. Furthermore, there was a disturbance of the 
mineral or carbohydrate metabolism and other indications of a hypofunctioning 
adrenal cortex. Similar comparisons have been made by Rose'®? who noted 
that, in addition to a decreased adrenal cortical secretion, there is a disturbed 
histamine metabolism and similar effects on antibody production and reticulo- 
endothelial activity. Furthermore, he points out that the mouse is an excellent 
experimental animal for studying the effects of reversible hypersensitivity 
brought about by cortisone. The sensitized adrenalectomized mouse accord- 
ingly resembles the allergic patient in many ways, and might well be used as 
one approach in the study of this condition. 

The relationship to allergy is illustrated even further in FIGURE 4. A group 
of 36 mice was adrenalectomized and then given weekly injections of a ragweed 
pollen extract. Each week, the total cellularity and number of eosinophils 
were determined 48 hours following the last injection. It may be seen that 
there is a progressive increase in the number and percentage of peritoneal 
eosinophils following each injection of the pollen. 

The peritoneal cavity is an excellent site for the study of local cellular re- 
sponses following the addition of an adjuvant and various other agents to the 
material injected. For example, various oils have been found to reduce the 
total number of cells per cubic millimeter of peritoneal fluid, but there is a 
marked increase in the total amount of fluid present. Water-in-oil emulsions 
of antigen are known to produce an enhanced effect upon the antibody produc- 
tion, presumably by slowing the absorption rate of the antigen.*' It is of in- 
terest, therefore, to know whether the oil inhibits or changes the local cellular 
response to antigen injections. However, as can be seen in FIGURE 5 the addi- 
tion of sesame oil to egg albumen or pollen extract did not significantly change 
the number of eosinophils per cubic millimeter of peritoneal fluid. In these 
injections, as well as in the other injections of oil, the mast cells were strikingly 
reduced. Further studies with other adjuvants and with measurements of 
total fluid volume and differential cell counts can be easily undertaken. 

The effect of the various antigenic materials upon eosinophils may be due to: 
(1) the antigen per se; and (2) the syndrome which follows the antigen-antibody 
reaction. There is a great deal of data available indicating that the antigen 
itself does not have the capacity to produce an eosinophilia. It was shown in 
FIGURE 2 that a single injection of an antigen does not produce a local eosino- 
philia. We have given up to 30,000 pollen units in a single injection without 
producing an eosinophilia in mice. Furthermore, multiple injections of the 
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antigen given simultaneously. will not produce this effect. For example, — 
Campbell, in 1942,** performed as many as 40 intramuscular injections in a | 
single nonsensitized guinea pig without obtaining an eosinophilia. The anti- 
gen has to be injected into an animal that had been previously treated with the 
same material at an earlier date in order for an eosinophilia to occur. Herrick’ 
noted that daily intraperitoneal injections of antigen produced much less eosino- 
philia than antigen injected at 5- to 25-day intervals. The eosinophilia ob- 
tained does not appear to be proportional to the quantity of antigen injected. 
Ficure 6 shows the results obtained following 0.2 ml. injections of three dilu- 
tions of a pollen extract. It can be seen that there was no great reduction in 
the eosinophil response, as the pollen was diluted with 10 or 100 parts of saline. 
Similar results were obtained with various injections of egg albumen, horse 
serum, and an ascaris extract. 

These experiments indicate that it is not the antigen per se, but the reaction of 
the sensitized organism to that specific antigen that is responsible for the eosino- 
philia. 
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FicurE 5. Effect of sesame oil on the cellularity of the peritoneal fluid produced by multiple injections of 
antigen. The injection of sesame oil did not change the eosinophil response to the antigen. 


Following the introduction of antigen into a sensitized animal, a number of 
active substances are known to be released, especially if anaphylactic reactions 
occur. These materials, including histamine,*' heparin,"*: ° and_ possibly 
choline,” hyaluronidase,®® and other active substances,**’ 8! are responsible 
for many of the symptoms observed. It is possible that one of these substances 
may be responsible for the eosinophilia which follows this reaction.'8°, 1%, 19! 
The various antigens may thus have some common denominator, 7.e., some 
material that would cause an attraction of eosinophils to the site of antigen- 
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FiGuRE 6. The effect of dosage on the eosinophil response of intact and adrenalectomized mice to multiple 
injections of pollen extract. A dilution of 1 to 10 and 1 to 100 with saline gave essentially the same response as 


the undiluted pollen extract. The total cell counts in the adrenalectomized mice are inaccurate because of 


clumping in the counting chamber. This clumping was not observed in the eosinophil diluent. 


antibody reaction. This common factor would not be released except by the 
specific antigen to which the animal was sensitized. A study was therefore 
undertaken of the local eosinophilia produced by various substances believed 
to be released during or immediately following the antibody-antigen reaction. 
The following is a preliminary report of our results. 
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The first substance considered was histamine, which is present in almost every 
mammalian tissue.!7 #, 4, 176, 188 Histamine is released under various physio- 
logical and pathological conditions,'”* and it produces, in the free state, very 
striking responses in blood”: **: 1°. 182 and has been reported to have a chemo- 
tactic effect upon eosinophils.” Furthermore, histamine metabolism 
appears to be grossly disturbed in common forms of allergy.8*: 188 It increases 
in the tissues following adrenalectomy,®®: 187; 182, 198. 239 and has been shown to 
be released by sensitized blood cells following the in vitro addition of an antigen 
such as pollen.‘ 6, 20, 121, 141, 182, 221 Histamine has been clearly identified in 
blood cells,*' and is definitely in higher proportion in the granulocytes than in 

the lymphocytes and monocytes.‘ “ 6, 198,10 Tt has been postulated that 
eosinophils may be the chief carriers of histamine in man.“ 2° However, it 
is more likely that histamine and eosinophils are both related to the allergic 
state, but are quite independent of each other.** 18°: 2 Nevertheless, Vaughn 
in a recent review”® states that “the existence of an eosinophilia of the blood 
may indicate that somewhere in the body histamine or some similar toxic sub- 
stance is being set free in abnormal quantities.” In fact, Kovacs!’ and Ver- 
cauteran”’s “° have suggested in their reports that the eosinophils appear to 
contain antihistamine activity. This inference could be incorporated into a 
very plausible hypothesis on the function of these cells. However, further work 
is necessary. 

It seemed to us that the local peritoneal responses of eosinophils to this ma- 
terial might give a clue to the eosinotactic nature of histamine. The data ob- 
tained from these experiments are shown in FIGURE 7. A single injection of 
histamine produced first a decrease in the total cellularity, undoubtedly due in 
part to a dilution effect of the vehicle. Within six hours, the total number of 
cells began to increase while the eosinophils remain unchanged. Within 24 
hours, there is a slight increase in both total cells and eosinophils. This 
rather slow reaction does not suggest that histamine is a direct eosinophil tactic 
substance, but rather that it is an over-all inflammatory stimulant involving all 
cells.*4 

Injections of choline chloride and hyaluronidase into normal mice failed 
to produce a marked increase in the number of local eosinophils when deter- 
mined 24 hours after the injection. 

Heparin, on the other hand, gave quite a different reaction. This material 
had first been freed of possible bacterial contamination by passing it through a 
Seitz asbestos filter. When injected, it produced a very marked eosinophilia 
(see FIGURES 8 and 9). It has been recently discovered, however, that this 
€ffect is due to asbestos fibers present in the filtrate which were inadvertently 
injected into the animals. If the heparin is filtered through fritted glass, this 
reaction does not occur. Therefore heparin, as well as hyaluronidase, hista- 
mine, and choline, do not seem to be responsible for the eosinophilia which occurs 
following antigen-antibody reactions. 

Thus our experiments to date have not yielded a single physiological ma- 
terial responsible for the observed allergic eosinophilia. It would be of interest, 
however, to inject intraperitoneally the antigen or antibody and various combi- 
nations of the antigen and antibody or the actual precipitin, to determine the 
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Ficure 7. The effect of a single injection of 0.2 mgm. of histamine diphosphate on the number of cells in 
the peritoneal fluid of normal mice. 


cellular responses to each. Experiments of this type would aid in understand- 
ing the local cellular changes when antigen and antibody combine. 

Methods of producing eosinophils in the peritoneal fluid for harvesting. Lo- 
cal eosinophil concentrations can be produced by a number of different tech- 
niques. In mice given a course of weekly injections of pollen extract or some 
other antigenic material, local eosinophilias of 30 to 50 per cent occur. The 
proportion of these cells may be increased greatly by adrenalectomy. The dose 
of material used is relatively small, approximately 1 milligram divided into six 


or eight injections is usually sufficient to produce this effect. The eosinophils 
begin to accumulate following the second or third injection. 
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Ficure 9. The change in the popersce of eosinophils and neutrophils in the peritoneal fluid following the 
injection of Seitz-filtered heparin. The change in eosinophils was due to asbestos fibers inadvertently injected 
along with the heparin. 


Very recently it was found in our laboratory that substances which had been 
Seitz filtered produced a local eosinophilia within 24 hours. This response is 
exemplified by rrcuRES 8 and 9. It may be seen that the number of eosino- 
phils increased tremendously in normal and adrenalectomized mice within two 
to six hours following the injection of heparin which had been Seitz filtered. 
One hour after the injection, there were approximately 1000 cells per cu. mm. 
in normal mice, and 5,000 in adrenalectomized mice. Twenty-four hours later, 
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the number of eosinophils was 64,983 in intact mice, and 39,063 in adrenalect : 

ized mice. a 
This accumulation of eosinophils was found to be caused by the injection ! 
small fibers from filter pads. The eosinotactic substance of these filters is na 
water soluble, and is not removed by ashing. It appears that the actual asbes: 
tos fibers attract eosinophils and, oddly enough, other similar or irritating suk 
stances such as magnesium carbonate, ground glass, paper, and cotton fiben 
do not produce this response. At the present time, the response seems to bi 
specific to the asbestos fibers found in the filter pad. This appears to be th: 
first time that any substance with this direct rapid action has been reported. 

To obtain the accumulation of eosinophils by the asbestos fibers, a suspen 
sion of 0.1 per cent fibers in saline solution is obtained. The fibers may b: 
ashed first, the soluble material washed away, and the remaining suspensios 
sterilized by boiling. Injections of 0.2 to 1.0 ml. are made into the peritonea 
cavity, and the cells are harvested after 24 hours. The number of eosinophil 
in the peritoneal cavity remains high for weeks following a single injection 
However, it should be noted that stress, ACTH, or adrenal cortical hormon: 
injections will inhibit this reaction, or cause a disappearance of the eosinophil 
after the accumulation has occurred. 


2. Basophil Cells 


Probably one of the best examples of how much, or how little is known abou 
basophil cells of the blood is to be found in Michels’ paper in Hal Downey’ 
Handbook of Hematology. Michels listed 25 different hypotheses concernin; 
the function of basophil and mast cells. These theories include everythin; 
from degenerating connective tissue elements to immature pigment cells. S« 
little is known about these cells that often the wildest speculation will pas 
unchallenged. In 1941, Doan and Reinhardt® observed that the experimenta 
approach has yielded little of significance to the problem presented by basophi 
granulated cells, and, of all the blood cells, least is known about them. Un 
doubtedly, the most important reasons for the failure of the experimenta 
approach are a lack of a quantitative method of studying these cells and a lac 
of experimental methods of producing measurable changes in these cells. Botl 
of these factors have been recently overcome,'*: 17° and it is to be expecte 
that a rapid advancement in knowledge of these cells will be seen in the nea 
future. 

Mast cells and basophils were first described by Ehrlich in 1877 and 1879 
He recognized that these two cells had identical basophilic metachromati 
staining reactions, but otherwise they appeared to have little in commor 
Some of these differences were summarized in 1941 by Doan and Reinhardt,’ 
who pointed out that the basophil is produced by the bone marrow, and tha 
the entire range of maturation can be seen there. Moreover, these cells ar 
relatively small, show ameboid motility, and contain granules which vary mark 
edly in size, and are usually water soluble. They retain their leukocyte chat 
acteristics, even after migration into tissues. 

The tissue mast cells, on the other hand, develop in situ. They are large 
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cells, have uniformly large, coarse, less-soluble granules, and they show little 
or no ameboid motility. There are also other differences in the shape and 
structure of the nucleus and staining reaction of these two cells.) 1 

_ Like Doan and Reinhardt, most workers in this field have been careful to 
note that there are marked differences between the two types of basophil 
staining cells.'”:' Jn recent years, however, many of the so-called differences 
between the two types of cells are beginning to be resolved. For example, 
tissue culture studies of the mast cells by Paff and Bloom (1949), and Zitcer 
(1953), have indicated that these cells are quite active and vary tremendously 
in size and shape. The granulation of the cells varies in a somewhat cyclic 
manner. Young cells appear to have fine granules, older cells have larger, 
coarser granules. 

There are many indications of a functional correlation between the two types 
of cells.*° For example, the response of mast cells and basophils to stress and 
cortisone treatment appears to be similar. Mast cells have been reported to 
disintegrate and disappear following stress or cortisone injections’: #8: 8%, 181 
and, just recently, Code*® reported that similar decreases in blood basophils 
occurred following oral cortisone administration. The disappearance of baso- 
phils during acute inflammation or stress has been known for many years." !46 
Although there does not appear to be much disagreement concerning the action 
of stress on these cells, not all workers have been able to observe a cortisone 
effect on them,°°: 1% and more work of a quantitative nature is needed. It 
should be pointed out that the peritoneal fluid is an excellent site to study 
changes in number of mast cells, and this approach is being actively investi- 
gated (personal communication from Doctors G. M. Higgins and J. Padawer). 
Preliminary experiments in our laboratory have indicated that the mast cells 
are still present unchanged in number in the peritoneal fluid at 4 and 24 hours 
following a single injection of 20 micrograms of cortisone acetate. It may be 
that larger doses of cortisone are necessary to get this effect, and that the action 
may be pharmacological rather than physiological. Adrenalectomy, on the 
other hand, does decrease the number of mast cells found in the peritoneal fluid. 
For example, the mean mast cell count in 140 intact mice was 549 per cu. mm. 
In 142 adrenalectomized mice receiving the same treatment, the count was only 
255 percu.mm. Thus there does not appear to be any doubt but that the mast 
cells, and possibly the basophils, are related in some way to the adrenal, but 
the exact nature of this relationship is not known. 

Holmgren and Wilander’ first noted that there was a positive relation be- 
tween the amount of heparin that can be extracted from the tissue and the 
number of mast cells in that tissue. Since then, there has been a tremendous 
amount of work and speculation concerning the role of mast cells in producing 
and storing heparin.?*: 79 18, 202, 258, 45 Tt is interesting to note that, in 1946, 
Jorpes' wrote that “there is no doubt whatsoever about the nature of the 
granular substances of the mast cells. It is heparin.” Likewise, Friberg and 
his co-workers” concluded, after reviewing the literature, that heparin is stored 
and probably produced by the mast cells. This conclusion has been emphasized 
recently by reports of Jorpes" and Asboe-Hansen® that an uptake of S* has 
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been demonstrated by mast cells. Furthermore, extracts of some mast-cell | 
tumors'®?: 9 and pathological tissue containing abnormal quantities of mast 
cells®? have been shown to contain extremely large amounts of heparin. 

Heparin will stain metachromatically, but other substances, such as hyalu- 
ronic acid, sulfuric acid ester, efc., will also stain in this way. ee Although 
mast cells are commonly found in areas which are rich in hyaluronic acid,’ 
this material is not demonstrable as such in the mast cell.?: 74° Schoch,'® how- 
ever, has suggested that a hyaluronidase inhibitor may be present. Asboe- 
Hansen’ has postulated that the mast cells secrete hyaluronic acid, and the ma- 
terials staining in the mast cells are precursors which resemble heparin in their 
staining reaction. In any case, hyaluronidase has no effect on the metachro- 
matic staining of these cells, and neither does ribonuclease or desoxyribonucle- 
ase.240, 245 

Sundberg?’ has demonstrated how easy it is to be misled in determining the 
anticoagulant activity of tissue extracts. She found that there was a marked 
difference in the activity, depending upon whether the extraction was done 
with water or sodium chloride. The concentration of the salt was found to 
prolong the coagulation time markedly, and must therefore be carefully con- 
trolled. Moreover, she pointed out that the umbilical cord contained many 
mast cells, while the placenta had very few, yet extracts of the placenta often 
contain as much or even more heparin-like material than do similar extracts 
of the cord. With this fact in mind, many of the extraction procedures re- 
ported for heparin should be reconsidered to determine if the authors could 
have been misled by the salt concentration of their extracts. . 

The basophils of the blood also have recently been shown to be somewhat 
correlated with extractable anticoagulant activity. In chronic myelogenous 
leukemia, as well as in mast cell leukemia, anticoagulant substances have been 
observed.}23: 209, 216 

During the last 10 years, there have been a number of interesting experiments 
concerning heparin and lipid metabolism, and recently it was suggested that 
heparin may be more important in lipoprotein metabolism than in blood coagu- 
lation.'”: 8 This plasma clearing effect of heparin was first reported by 
Hahn.*® The action is very rapid and involves a disappearance of chylomi- 
crons from the blood and spleen’: ?: 79, 95, 210, 211, 212, 236 and a change from low 
density to high density lipoproteins.*” 2° Ringoen, in his review,” in- 
dicated that mast cells have been related to fat metabolism and, according to 
some authors, they may even transform into fat cells. With these observations 
in mind, it would be of interest to determine whether lipids have any effect on 
mast cells of the peritoneal fluid. In a group of 50 normal and adrenalecto- 
mized mice, we found that the mast cells almost completely disappeared from 
the peritoneal fluid 24 hours following an intraperitoneal injection of oil or of 
oil plus various antigens. This effect is very striking, and it indicates that 
lipids cause a disappearance of mast cells. Further work is being carried out 
to characterize this response and to determine if the mast cells also disappear 
in the omentum. 

The evidence for heparin production and storage by mast cells and basophils 
is accordingly very indicative. The definitive experiments proving this re- 
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lationship, however, and the mechanisms of storage and release have yet to 
be reported. 

Histamine has also been associated with tissue mast cells in normal and in- 
flamed tissues and in mast-cell tumors.®: 17! 17 Although it has been demon- 
‘strated that heparin will prevent the release of histamine,“ both substances 
are released during anaphylactic reactions 7 and following injections of 
histamine liberators."°* '*° Basophils apparently contain large amounts of 
histamine per cell. Graham* estimated that they may contain up to 50 times 
: the amount of histamine (per cell) found in other blood cells. Further quan- 
titative studies are necessary. 

Michels pointed out that animals with many blood basophils often have 
few tissue mast cells and vice versa. The mouse, for example, has practically 
no blood basophils, yet there are many mast cells found in the peritoneal fluid. 
The reverse is true of the rabbit. This relationship is exemplified even further 
by the observation that the mast cells in the peritoneal fluids and the basophils 
both greatly increase in myelogenous leukemia."*: "8 The two cells accordingly 
appear to be related in many ways, and it is therefore possible that the blood 
basophils are juvenile forms of the tissue mast cells. This relationship, how- 
ever, remains to be demonstrated, if it really exists. By applying tissue cul- 
ture techniques, this problem will undoubtedly be solved. 

The techniques used for the study of basophil cells are very important. 
This fact has been demonstrated by Graf and Swensson,* who found that May- 

. Gruenwald-Giemsa stain caused a washing out of many of the basophil granules, 
and that toluidine blue-stained blood smears gave a higher basophil count. 
Moreover, these investigators observed that a perforating injury to a vein 
elicits a local increase of basophils in the differential count, which occurred 
within 30 minutes and lasted up to 24 hours. This local accumulation of cells 
can be very misleading and may explain many of the reported basophilias 
obtained following multiple injections of various materials. It is also possible 
that the basophilia following intense irradiation®: ”: ™ may also be due to in- 
jury of the veins. 


Summary 


We have attempted to describe a physiological approach to the study of the 
function of leukocytes. This approach takes advantage of the accumulation of 
_cell-laden fluid in the peritoneal cavity. It is a method of studying leukocytes 
outside the blood vessels, where they normally carry on many of their import- 
“ant functions. 

We have demonstrated that changes in the number and type of cells in the 
peritoneal fluid of mice can be obtained by intraperitoneal injections of various 
hormones, drugs, and other physiologically active substances. For example, 
subcutaneous and intraperitoneal injections of adrenal cortical hormones pro- 
duce a marked decrease in the number of eosinophils in the blood, and later in 
the peritoneal fluid. It has been demonstrated that these hormones do not act 

directly upon the eosinophils or mast cells in physiological doses, and their 
effect cannot be explained on the basis of a direct lytic action. These peri- 
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toneal studies can be extended to include many different types of cells and 
multitude of physiologically active substances. ach 

The peritoneal cavity is an ideal site into which substances can be injected 
and from which fluid containing living cells can be removed without killin 
the animal. At the present time, we are attempting to use this cavity to har- 
vest different types of cells for tissue culture studies and for determining cellu 
lar constituents. During these experiments, it became clear that eosinophil 
are attracted to the site of antigen-antibody reaction. Antigenic material. 
per se does not produce a systemic increase and only a slight local accumulation: 
of eosinophils. It is necessary first to sensitize the animal, then injections of: 
antigen will produce an intense accumulation of eosinophils at the site of injec- 
tion. This response is particularly evident in adrenalectomized mice. It 
seems highly probable to us that the eosinophils must be attracted there by some 
chemotactic substance or substances, possibly a material released when antigen 
and antibody combine. Furthermore, it seems logical that the eosinophils must 
have some function at the site of reaction. The peritoneal studies give us a 
method of studying the mechanism of eosinophil attraction, and we hope it! 
may also give us some clue to their function. 

Modifications of these techniques can be made in order to compare the anti-- 
body-carrying capacity of different types of cells. For example, it is possible? 
to sensitize a group of animals of the same genetic constitution, age, sex, etc.,, 
and then produce different cellular concentrations in the peritoneal cavity of # 
each animal. These cells may then be counted and transferred to unsensitized, , 
genetically identical animals and the degree of passive immunity measured. . 
In this manner, quantitative determinations of the amount of antibody carried . 
by each type of cell can be determined. 

It is also possible to tag the peritoneal cells of one animal by radioactive ma- | 
terials or fluorescent dyes’ and then transfer millions of them into animals of’ 
the same or different genetic constitution for physiological study. This pro- 
cedure should permit a study of the disposition of tagged eosinophils in mice 
with, and without, adrenal cortical stimulation, and it should provide a means 
of determining how these hormones produce their effect. 

The relation of the eosinophil to the antigen-antibody reaction warrants 
much more study. It has been clearly demonstrated that adrenalectomy causes 
a tremendous local increase in the number of eosinophils responding to antigen 
injections in sensitized mice. It has also been observed that eosinophils in- 
crease in the blood and other tissues. It is further known that these adrenalec- 
tomized animals are very susceptible to anaphylactic shock or similar hyper- 
sensitivity reactions, and it is quite possible that normal activity of the adrenal 
prevents the abnormally large accumulation of eosinophils, in some way re- 
sponsible for these shock symptoms. If the eosinophils did carry histamine as 
postulated, this theory would be very plausible. In any case, a great deal more 
work is needed in this field. 

The clearing action of heparin on lipemic blood, and the disappearance of 
mast cells from the peritoneal fluid following an intraperitoneal injection of oil, 
suggest that they are closely related to lipid metabolism. It would be inter- 
esting to determine the action of lipids upon mast cells in vitro. 
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It was observed, in the experiments reported in this paper, that asbestos 
fibers cause a local accumulation of eosinophils. Many of our solutions were 
originally sterilized by passing them through Seitz filter pads before injecting 
into mice. However, in doing this, a few asbestos fibers pulled off the filter 
and remained in the filtrate, thereby causing us to misinterpret some of our 
results. It is possible that the same difficulty may have occurred in other 
laboratories and in allergy clinics. Many solutions are Seitz filtered and, if 
precautions are not taken to prevent the filter fibers from being inadvertently 
injected, a local reaction may occur mimicking the allergic inflammation. 

The experiments reported in this paper, although somewhat preliminary in 
nature, indicate quite clearly that a tremendous amount of information can be 
obtained by studying the local reaction of the organism to physiologically active 
materials. This procedure will give information not only about the function 
of cells under different experimental conditions, and the nature of the defense 
reactions of the organism, but also important information on the action of a 
specific material upon cells im vivo. This approach may therefore be used to 
study the “agranulocytosis” reaction of substances, and possibly may even be 
used to test drugs for this type of reaction. 
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THE MONOCYTE* 


By Edna H. Tompkins 


Cancer Research Institute, New England Deaconess Hospital, Boston, Mass. 


The monocyte owes its name and morphologic specificity to the supravital | 
technique for the staining of blood and tissues. By this technique is indicated ) 
the staining of living tissues after the death of the host, in contradistinction to 
vital staining, which indicates the staining of living tissues 17 vila, or to fixed | 
staining which indicates the staining of dead tissues. Supravital staining is | 
dependent upon the viability of the tissue and fades upon its death. It is | 
achieved only by certain types of dyes, but discussion of this consideration is 
irrelevant here. 

I myself am an ardent supporter of the possibilities inherent in the supravital | 
technique for the study of the physiology, etiology, and identity of hemato- 
poietic tissues. I believe that the possibilities, combined with use of a gamut | 
of unexplored specific stains and specific pretreatments of the tissues, are — 
tremendous. Despite my enthusiasm for this technique, I realize that some 
of the concepts in fundamental hematology which were formulated by the 
early workers with it have met sufficient revision over the years to bring them 
into accord with opposing concepts based upon other techniques; and I suspect | 
that other concepts of theirs which still remain controversial may have de- 
pended upon too sweeping an interpretation without sufficient appreciation of 
the importance of species, site of biologic activity, degree of biologic stress and, 
possibly, other unrecognized factors. I believe that future work directed 
toward evaluation of these factors may serve to end the existing controversies. 

It is my hope, in this discussion, to present directions in which the concepts 
of those who pioneered in supravital studies seem to have been, or seem likely 
to be, modified and brought more in line with the concepts based upon other 
types of study. The monocyte seems to stand at the crossroad, as it were, 
between the controversies involving the potentialities of lymphocytes and 
reticular cells, on the one hand, and of plasma cells and macrophages, on the 
other; and discussion of it touches inevitably upon all of these controversies. | 

Simpson*®: *! and Sabin®$ first demonstrated the definitiveness of the supra- 
vital morphology of the monocyte and showed that the cell comprises the two 
forms in the blood which had been considered separately up to that time; 
namely, the “transitional” and “large mononuclear cells” of Ehrlich’s termi- 
nology. The monocyte is motile, and both it and its nucleus vary in shape 
depending on its movements. It contains many fine, rodlike mitochondria | 
which stain with janus green or pinacyanol, and which are scattered throughout | 
the cytoplasm except in the area of the centriole (ricures 1, 2, 3). The most 
distinctive feature of the cell consists of a considerable number of vacuoles 
which concentrate the supravital dye, neutral red. These vacuoles stain 
according to the neutral reaction of the dye and vary in size. They may be | 


* The work reported in this paper was done under United States A i issi 
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‘Scattered throughout the cytoplasm, or aggregated into a rosette in the area 
of the centriole, the finer vacuoles lying toward the center of the rosette, de- 
pending on whether the cell is in motion, or quiescent and rounded (FIGURES 
4, 5, 6). The specificity of this rosette arrangement has been brought into 
controversy, as regards lymphocytes, on the one hand, and plasma cells, on 
the other hand. It is true that both of the latter cells normally contain a few 
vacuoles stainable with neutral red and may contain considerable numbers of 
them under physiologic or pathologic stimulation. One needs to be wary of 
such stimulated forms in drawing deductions concerning intercellular relation- 
ships, and one must also turn to all other possible experimental approaches 
before drawing conclusions. But, by and large, neither lymphocytes nor 
plasma cells offer problems in the differentiation of monocytes. The size of 
the monocyte, the abundance of its phagocytic vacuoles and the way it tends 
to arrange them, the abundance and smallness of its mitochondria, the pattern 
of its motility and its differences from lymphocytes and plasma cells in these 
respects are distinctive and dependable. 

The monocyte can, of course, be differentiated by fixed techniques for normal 
blood, but it rarely can be differentiated by those techniques from other mono- 
nuclear cells of pathologic blood or of the lymph and tissues. Doctor Sabin 
and her co-workers, therefore, naturally subjected the hematopoietic tissues to 
various types of investigation by this (then new) technique. 

Under usual circumstances, the monocyte is not phagocytic of vital dyes 

despite the ease with which it stains supravitally. The larger mononuclear 
phagocytes, on the other hand (i.e., the macrophages, the so-called resting 
wandering cells or histiocytes of connective tissues, and the reticular and “spe- 
cific endothelial cells’? of the parenchymeous organs), stain both vitally and 
supravitally. It was on the basis of these facts, and of certain embryclogic 
studies, that the pioneer workers with the monocyte came to the conclusion 
that it is a distinct cytologic entity unrelated to these larger phagocytes.” 
This conclusion met contradictions by the work of succeeding experimenters 
using either similar methods": * or tissue cultures,’ 1° and the view now 
accepted by workers with all techniques seems to be that the morphology of 
the monocyte represents merely a specific physiologic status in the life of a 
cell that is normally destined to become a macrophage.’ **: ** In other words, 
it is a young cell on its way to growing up, just beginning to be actively phag- 
ocytic, and not yet capable of taking vital dyes, let alone taking the mass of 
‘tissue debris and foreign substances which is the function of the macrophage. 
‘The steps by which the monocyte acquires increasing phagocytic capacity and 
‘increasing enzymatic powers for digestion of the variety of substances handled 
by macrophages are yet to be revealed. 

The cell was found to be a normal inhabitant, along with varying numbers 
of macrophages, of the lymphnodes," spleen,” *® bone marrow,'*: ” and loose 
connective tissues.2”7 It was found to occur in large numbers about early 
tubercles, and it has since been shown to appear in abundant numbers in the 
first few days of inflammation of the connective tissues, almost irrespective of 
the cause of the inflammation’: *2: “ (r1cGuREs 6, 7, 8). This influx of mono- 
cytes early in inflammation, and the fact that they are accompanied by other 
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All illustrations represent photographs of living tissues and cells, which were stained 
supravitally with neutral red and viewed at 37° €. unless otherwise indicated. Vacuoles 
stained with the dye appear black in the photographs. AJl photographs were taken with 
ordinary bright field illumination and all magnifications are X 2070 except where indicated. 


Ficures 1,2, and 3. Human blood. Phase contrast microscopy. A monocyte to show the character of the 
mitochondria and nuclei and the changes in position of cell and nucleus due to ameboid movements. The blood 
was unstained and left at room temperature. The photographs were taken at an interval of 10 minutes between 
FIGURES 1 and 2, and of two minutes between FIGURES 2 and 3. The cell had moved its position in the field be- 
tween the first two photographs, but merely its position about a point between the last two photographs. Lines 
of stress are visible within the nucleus in FIGURE 1, having appeared in response to the locomotion of the cell. 
Nucleoli show distinctly in the more quiescent nuclei in FIGURES 2 and 3. Mitochondria appear as fine white 
rods or dots throughout the endoplasm. The phagocytic vacuoles appear as scattered dark bodies. Medium 


bright phase contrast. X 3347. 
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Ficure 4. Monocyte in human blood. The cell was rounded and quiescent, and the vacuoles of neutral! 
red were arranged around the centriole in a characteristic rosette. This cell would be classified as a large mono-. 
nuclear cell of the blood in fixed preparations. } 

Ficure 5. Same film as for rriGuRE 4. A monocyte which was slowly moving and in which the phagocytic: 
vacuoles were therefore scattered without specific arrangement. This cell would be classified as a transitional) 
cell of the blood in fixed preparations. | 


Ss 


. ; : ' 

Ficure 6. Mouse No.4. Film of subcutaneous connective tissue from an area that had been injected with | 
yeast nucleic acid three days previously. The reaction was characterized by an infiltration of monocytes which | 
were smaller and younger than those of normal blood. The deposits of neutral red were less abundant and of | 


smaller size than those of blood monocytes. They were arranged as rosettes or scattered through ~ 
plasm, depending on whether the cell was resting and rounded: or in motion. ¥ Secure 
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Ficure 7. Another film from the same area as for FIGURE 6. Here the young monocytes were all rounded, 
and several exhibited characteristic fragmentation of the peripheral cytoplasm without loss of viability. This 
fragmentation shows particularly well in the cell at the arrow. 


leukocytes from the blood and are at first small and less phagocytic, and far 
more abundant than the monocytes of the blood stream, offer difficulties as to 
the etiology of monocytes. 

_ The etiology of the monocyte represents, in fact, a long-existent controversy. 
By means of depletions of the bone marrow of all definitive free cells, Cunning- 
ham, Sabin, and Doan’ demonstrated development of new cells of the granu- 
locytic series direct from undifferentiated reticular cells by way of a free, but 
still undifferentiated, round cell which they called “the primitive cell.” The 
primitive cell could not be differentiated from other basophilic progenitors in 
fixed tissues. Cunningham ef al. found, further, that this cell also gives rise 
to both lymphocytes and monocytes, each separately, within the nodes and 
spleen and that it also occurs, together with undifferentiated reticular cells, in 
normal connective tissues, and can provide local origin of monocytes upon 
stimulation. Transitional forms between lymphocytes and monocytes were 
not obtained. The authors, therefore, concluded that both cells are definitive 


and unrelated except through their common progenitor. 
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FicurE 8. Mouse No.9. Film of subcutaneous connective tissue from an area that had been injected four | 
days previously with yeast nucleic acid. The photograph includes cells that varied in age, from young mono- - 
cytes to macrophages. Peripheral fragmentation of a monocyte without loss of viability is shown in the cell at | 
the arrow. 


Investigators working on fixed tissues,*: 1° 1: 2?» 3,25 on the other hand, , 
particularily those who approached the subject by way of embryology or of 
inflammation within the connective tissues, found what they considered to 
represent a continuous series of transitions between lymphocytes and macro- 
phages, and these transitions were regarded as also inclusive of monocytes. 
These workers, therefore, concluded that monocytes develop directly from 
lymphocytes in the process of becoming macrophages. The impossibility of 
differentiation of monocytes, especially at early ages, from other basophilic 
mononuclear cells in fixed preparations from organs and inflammatory reac- 
tions, coupled with the demonstration of their development from free prim- 
itive cells in living preparations from tissues under different experimental 
duress, obviously presents the need for new approaches before the answer 
between these two concepts of origin can be certain. 

The controversy involves not only questions of the etiology, but also ques- 
tions concerning the functions of both lymphocytes and monocytes, of the 
relationship of these cells to plasma cells, and of the potentialities for cyto- 


Tompkins: The Monocyte 739 


genesis outside of the hematopoietic organs. Numerous questions concerned 
with overproductions and metaplasias obviously hinge upon it. In the mean- 
time, the possibility should be faced that both concepts are correct, depending 
upon location and biologic urgency, in much the same way that macrophages 
arise largely by maturation of monocytes in the connective tissues, but may 
arise directly from the undifferentiated reticular cell in parenchymatous organs, 
or as the result of severe biologic depletions, and thus by-pass the stages of 
both primitive cell and monocyte. It is interesting, by the way, that this 
compromise represents essentially the concept of the origin of monocytes up- 
held by Downey and Weidenreich.'? 

Irrespective of its origin, the developed monocyte exhibits biologic activities 
which suggest that it is probably of greater potentiality than is appreciated. 
It is obviously a young cell. It is capable of prolific reproduction, much of 
which is amitotic”: *° (FIGURE 9). Normally, it builds the way to becoming 
the most powerful phagocyte of the body, the macrophage’: ** (ricuRE 10). 
It undoubtedly, therefore, has potent capacities for growth, for the production 
of enzyme systems, and for development of the powers of phagocytosis and 
digestion. The difficulty of differentiating the cell in the tissues and at younger 
stages than normally occur in the blood limits application of the newer histo- 
chemical techniques toward elucidation of its capacities. It is obvious that 
the cell must contain, at its more mature and phagocytic stages, those enzymes 
that have been shown present in macrophages,** but the ages at which these 
enzymes develop are uncertain. As was said, the cytoplasm contains abundant 
mitochondria at the age at which monocytes normally occur in the blood (F1c- 
urRES 1, 2, 3), and it therefore contains, presumably, most of the oxidative 
enzymes that are usually associated with mitochondria and ATP.”° It has 
been found to contain oxidases,“ peroxidases,** acid and basic phosphatase”! 
with several substrates, including nucleic acid,*! lipids, including phospholipid,® 
and ribonucleo-protein.** The cell is obviously capable of protein synthesis 
at this stage. Its capacity for phagocytosis suggests the likelihood that it can 
ingest numerous biologic colloids, and digest or synthesize them, accordingly. 
It is interesting that the number of mitochrondria decreases as the cell matures 
to become a macrophage. The relationship of this development to the type 
and quantity of enzymes at the latter stage is not known. The monocyte is 
elicited by, and phagocytic of, phospholipids, and is able to metabolize these 
lipids. 4 ~The cell was shown by Sabin and her co-workers to be elicited by 
lipoid fractions from tubercle bacilli** and by injections of a dye-protein,” and 
to exhibit shedding of its cytoplasm at a time when antibodies to the protein 
were multiplying in the blood stream. It was, therefore, suggested that mono- 
cytes and macrophages represent the cytologic site for production of antibodies, 
and that shedding is the mechanism by which they are delivered to the blood 
and tissue juices. The support given by others to plasma cells!» ?: ” or lymph- 
ocytes*®: 4° as the site of this production emphasizes the need for elucidation of 
the relationships between these cells. = 

Cytoplasmic shedding seems to represent a normal potentiality of young 
monocytes, whatever may be the nature of the materials liberated thereby. 
We have found such shedding within two to four days of local injections of 
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FicurE 9. Mouse No.3. Film of subcutaneous connective tissue from an area that had been injected with ) 
yeast nucleic acid two days previously. Amitotic division of monocytes was abundant. The cells were actively * 
phagocytic at the same time and were rapidly developing into macrophages. > 2300. 


nucleic acids (FIGURES 7, 8) or of cholesterol.** There was no other evidence, 
supravitally, of loss of viability of the monocytes involved. Sabin?* made: 
similar observations in conducting her experiments with dye-protein. Con-} 
trary to her experience, however, we have rarely observed shedding at the) 
later periods in our experiments when the reactions are characterized by more? 
mature and phagocytic cells. 
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FicurE 10. Mouse No.7. Film of subcutaneous connective tissue from an area that had been injected with 
yeast nucleic acid two days previously. The area was infiltrated with phagocytic cells at all levels of activity, 
from that of young monocytes to that of macrophages. The cells contained droplets of fat as well as of neutral 
red. Peripheral fragmentation was present in many of the younger cells. 


Cytoplasmic shedding is not the only method by which the cell seems able to 
give to the environment products of its own metabolic activities. The vacuo- 
lar apparatus suggests another such mechanism. The character of the vac- 
uoles varies markedly according to that of the material ingested and may, at 
times, even be used as a biologic test for the presence of such materials. We 
have found the vacuoles that stain with neutral red to be quite distinctive, 
following injections of the phosphatide sphingomyelin,” for instance, or of 
cholesterol.** These vacuoles are very distinctive in tuberculosis. Un- 
kniown, as yet, is the basic character of the material in the phagocytic vacuoles 
that enables them alone to stain with the neutral red while the major portion of 
the cytoplasm remains unstained. Whatever this material is, it is capable of 
a certain degree of modification, depending on the materials ingested by the 
cells, and there is evidence that it may be extruded from the vacuoles to the 
exterior from time to time in much the same way as with the “contractile 
vacuoles” of amoebas. In the monocytes of normal rabbits in particular, the 
vacuoles often assume pear shapes, intermittently, with long slender stems of 
dye leading to the surface (rIcGuRES 11-17); or the transformations in the 
vacuolar apparatus of macrophages in connective tissue after injections of 
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Ficures 11 to 17. A monocyte in rabbit’s blood. The photographs were taken in sequence at intervals of » 
two to five minutes to show the fluctuations in shape and position of the vacuoles stained with neutral red that 
take place constantly under favorable conditions. The vacuole at the arrow of riGuRE 11 was a narrow canal 
leading toward the surface. This canal was partially retracted in ricuRE 12, extended in FIGURE 13, and again 


retracted in FIGURE 14. In the meantime similar changes were occurring in a vacuole at the lower surface of the 
rosette in FIGURES 14 to 17, and, less clearly in focus, in another vacuole to the left of the rosette and in several. 
vacuoles below the center of the rosette in the same figures 
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cholesterol may be offered as another illustration.®® These transformations can 
be followed as the vacuoles change from their normal color and size, becoming 
dark and very small and, ultimately, disappearing. Wacuoles of the normal 
type then reappear. 

Experimental evidence from my laboratory supports the probability that 
still another method functions to supply the organism with substances ob- 
tained from monocytes in moments of sufficient stress. Dougherty and White’ 
demonstrated that lymphopenia was followed by lymphocytosis at specific 
time intervals after parenteral injections of adrenal cortical extract. They 
demonstrated a widespread fragmentation of lymphocytes and signs of irrita- 
tion of the reticular cells at periods corresponding to the onset of lymphopenia.? 
We have shown that monocytopenia also develops at the same interval of time, 
following injection of adrenal cortical extract, and is succeeded by a monocy- 
tosis.” These findings are interpreted as presumptive evidence that disrup- 
tion of monocytes, as well as of lymphocytes, follows upon admission of adrenal 
cortical extract to the body fluids, and that the materials built into the bodies 

of monocytes must, therefore, also be added to the tissue juices. 

So much for the likely functions of the monocyte in its normal status; 7.e., 
multiplication, phagocytosis, analysis, synthesis, elaboration of the systems 
necessary for development into macrophages, and liberation of certain of its 
products by cytoplasmic budding, vacuolar extrusion and, probably, by frag- 
mentation under adrenal stimulation. The details of these activities need 

- clarification. 

Modifications of the monocyte, on the other hand, occur so characteristically 
in specific pathologic states that they can serve not only as valuable diagnostic 
aids, but also as indicators of the underlying activities of which monocytes are 
capable and which can become inhibited or seriously modified under those 
pathologic conditions. Demonstration of such modifications has depended 
largely upon supravital studies, since the modifications are apparently not 
evident in fixed tissues until they have become so drastic as to lead to cytologic 
death. These modifications have been described in detail elsewhere® and will, 
therefore, be reviewed only to the extent necessary to round out this survey 
of the monocyte. The changes in monocytes in the presence of tubercle bacilli 
have been shown, by Sabin and her co-workers,”* to be due specifically to the 
content of tuberculo-thioic acid in the waxy coat of the bacillus. The nuclei 
divide amitotically, but the monocytes seem incapable of cytoplasmic division 

“under the effects of that acid, with the result that binucleated and, finally, 
_multinucleated cells are formed. The vacuolar apparatus becomes changed at 
the same time to dark red in color and to a state of uniform fineness and of 
accumulation about the centriole. These are the characteristics typical of the 
epithelioid cell, and by them individual epithelioid cells may be recognized 
without awaiting tubercle formation. Intracellular fatty degeneration de- 
velops and the monocytes eventually die, with liberation of the myriads of 
bacteria which have multiplied within during the processes. It is not known 
how the tuberculo-thioic acid acts to cause these changes. 

Similar changes can be caused within both monocytes and macrophages by 
a wide variety of unrelated substances." *:.? Epitheloid cells, also found 
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loosely scattered all through the lymphomata of Hodgkin’s disease,** serve to 


differentiate the disease from purely infectious involvements of the nodes or | : 


from other forms of malignant lymphomata. ; ; 
The vacuolar apparatus of monocytes also becomes fine in anemia and ma- 


laria, but the vacuoles are sparse and scattered, instead of occurring in rosette 
formation. ‘The vacuoles are brownish in hue, and the cells evince no ab- 
normalities of division or evidences of degeneration. 


In contrast to these conditions in which the phagocytic vacuoles become fine | 


and attenuated, the vacuoles become coarse and abundant under a number of 


circumstances.*? This occurs in ordinary, pyogenic infections, in which large | 
drops of fat also accumulate in the cells. It is also the case in infections caused _ 


by Bacillus milletensis and Bacillus monocytogenes, in which the monocytes also 
multiply and actually become more like macrophages. The vacuoles also 
become greatly enlarged in the lipoid storage diseases.™ 

These instances all illustrate conditions in which monocytes respond specifi- 
cally, but in a controlled manner, to specific stimuli. Monocytes may, how- 
ever, exhibit the uncontrolled multiplications which characterize tumor growth 
and leukemia." *8 The multiplication may occur at levels of extreme youth, 
in which case the cells are but slightly phagocytic and exhibit characteris- 
tics of the reticular cell. The multiplication may occur at stages of phago- 
cytic activity which are more characteristic of normal monocytes; or it may 
occur at stages of phagocytosis active enough for the cells to be considered 
macrophages. It is to this last stage that Lawrence applied the term “‘clasmat- 
ocytic leukemia.”'® In all cases, the clinical picture is one of acute leukemia. 
As in other malignant lymphomata and leukemias, understanding of the 
etiology of monocytes and of the stimuli which lead to their production and 
multiplication, or to their maturation into macrophages with the development 
of increased phagocytic and digestive powers, will be necessary before the 
forces which lead to uncontrolled multiplication can be elucidated. 
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QUANTITATIVE STUDIES ON LYMPHOID TISSUES 


By James E. Kindred 
Department of Anatomy, Medical School, University of Virginia, Charlottesville, Va. 


The quantitative studies covered in this paper started as an inquiry into the . 
structure of the secondary lymphoid nodule (Kindred, 1936, 1937, and 1938a). | 
At about the same time, Jordan (1939), as a result of his own studies and those | 


with Speidel, had sought to relate his observations on the origin and fate of the 


lymphocyte to the quantitative observations of Yoffey (1933 and 1936) and | 
others before him, that more lymphocytes enter the blood stream daily via | 
the thoracic duct than are present in the blood stream at any onetime. More | 


evidence for this view was presented by Yoffey and Drinker (1939), but no 
quantitative objective analyses as to the origin of these lymphocytes had been 


made. These investigators stated that, while it is generally accepted that | 
lymphocytes are formed in the lymph nodes, tonsils, Peyer’s patches, and soli- | 
tary nodules, and that they enter the lymph stream from these organs and also — 


enter the circulation via the blood capillaries of the spleen, there was no general 
acceptance that the thymus was a lymphoid organ. 


It was under these circumstances that the quantitative methods presented | 


here in brief were started. I wished to begin my study with observations on 
the histology of the lymphoid tissue of the submaxillary lymph nodes of the 
rat, but found that there were conflicting views as to the function of the second- 


ary nodules. These views, current in 1935, were in brief as follows: (1) Flem- | 


ming’s original view (1885) that the secondary nodule is a center for the produc- 


tion of lymphocytes; (2) Hellman’s view (1921) that the secondary nodule is a | 


center of reaction against noxious products brought into the nodule through 
the lymph stream; and (3) Rohlich’s view (1933) that the secondary nodule is 
a germinal center for the production of lymphocytes and also a center of re- 
action to substances brought into the nodules through the blood stream. 

In the first investigation, I sought to make a quantitative investigation of 


the cellular elements and of such morphologic characteristics as are indicative | 
of function, in order to test the validity of these conclusions. Albino rats were | 


used as a basis for the observations, but the lymphoid organs of man, dog, and 
cat were used for comparative purposes. In the rat, sections were made from 
submaxillary (anterior cervical), inguinal, and mesenteric lymph nodes and 
Peyer’s patches, and from the spleen of 80-day-old litter mates (Kindred, 
1936, 1937, and 1938a). Rats from the colony of Doctor Alfred Chanutin of 
the Department of Biochemistry of the University of Virginia were used in this 
study and in all subsequent investigations of rat hemopoietic organs. All of 
the material was fixed in Helly’s fluid and stained either with H & E, or eosin- 
azure II and hematoxylin. 


From the qualitative survey of this material, it was established that the 


secondary nodules of the lymph nodes are prolate spheroids or spheres lying | 


subjacent to the marginal sinus. The outer end of the nodule is capped by a 


cup-shaped layer of small lymphocytes, the mantle zone (M in the figures of | 
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Plate I, Kindred, 1938a). Each secondary nodule is roughly divided into two 
zones, a light staining zone (L) next to the marginal sinus and a dark zone (D) 
at the medullary end. In Peyer’s patches, the dark zones of the secondary 
nodules abut against the tunica muscularis of the intestinal wall, and the light 
zone with its crowning mantle zone projects into the mucosa. In the spleen, 
there is no differentiation into light and dark zones. Such topographic ar- 
‘Tangements of the zones as are present in the secondary nodules of the lymph 
nodes of the rat are also characteristic of those in man, dog, and cat. These 
data supported the view of Rohlich (1933) as to the differentiation of the 
secondary nodules into dark and light zones. 

These qualitative observations were followed by quantitative estimates of 
the cell populations and relative mitotic indices of the lymphocytes and retic- 
ulum cells in the several regions of the lymph nodes and other lymphoid 
organs, including the spleen and thymus. For the sake of brevity, and in 
illustration of the methods used, these quantitative results have been gathered 
together and compared with similar observations on these organs in young rats 
(Kindred, 1938b and c, 1939, 1940), and in young adult rats (1942, 1947). The 
measurements of the 1947 group were the controls for the study of the effects 
of the nitrogen mustards on the hemopoietic organs of rats. The statistical 
methods of Fisher (1934) for contrast of variations in small quantities was used 
throughout and the variance designated in the table is the standard error of the 
mean. 

In TABLE 1 are shown the quantitative characteristics of the cortex of the 
cervical lymph nodes (this includes the mantle zones of the nodules and the 
internodular pulp). It can be seen that the numbers of cells per unit volume 
(100,000 cu. mu) are about the same throughout the stages studied. The in- 
cidences of the small lymphocytes are the same. The populations of the 
medium-sized and large lymphocytes which are the germinal cells of this tissue, 
fluctuate in each age and have the greatest incidence at 30 days and the least 
at 60 to 80 days. Reticulum cells appear to have about the same incidence 


TABLE 1 


CervicaL Lympn Nopes. Cortex OutsipE or Nopures. Cris PER 100,000 cu. My, 
“PERCENTAGE DISTRIBUTIONS OF CELLS PER UNIT VOLUME, AND CELLS IN MITOSIS 


RNS 2s 18 Geeta 1940 | 1940 1938b 1938a—1942 1947 
USE, woh ee ia ae 15 20 30 60-80 60-80 
Cells per unit volume.}| 300 300 a0 Se 8 348 + 14 386 a= il) 
*Small lymphocytes...| 91.4 | 94.0} 76.04 2.8) 9404 0.3) 92.0 + 2.0 
Medium lymphocytes Sell DA | ZOO 2S 26 144+ 0.2 io se Wee 
Targe lymphocytes... all ie 1.5 + 0.3 O89 se Ou 0:5 + 0.06 
Reticulum cells...... De) 2.4 2.4 + 0.4 4.4 + -1.2 a@ se Ons 
Macrophages........ neg. neg. neg neg. 0.05 + 0.04 
Degenerate lympho- 

cm Sao ea ree neg. neg. neg. neg. 2 ats ONS: 

Mitosis 

levyinphecytes........ 1G a3 iba OMe (etal Meo? sch 3" OG 
P -alam cells Be eke ORS 0.9 0.8 0.3 + 0.044 0.5 + 0.08 
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TABLE 2 


CervicaL Lympu Nopes. CeELts PER 100,000 cU. Mu., PERCENTAGE DISTRIBUTION OF 
CELLS AND CELLS IN Mirosis IN LicHT ZONES OF SECONDARY NODULES 


Bee Hist ska ers RR SISO 1938b 1938a—1942 
Deer Ce ee 30 60-80 
Cells per unit volume...........----.----- AO) ee iS 240 F == a : 
Small lymphocytes.......-------+++-+++--: ADKY) = De? 48.0 + e 
Medium lymphocytes...........-.-.+++---- CO Se ist: 40.0 = 4. 
Taree lymphocytes, .o..-lin- ee iat i CAs Det Sash ae! Ose 
Reticulummcellsmseere ty reas teeter Bey 22, Ves 40+ 0-3 
Macrophagesiaemiert tri leewie rt tte So) e= (Wee! ARita= e029 

Mitosis 

Typ HOCY:t CoM pater terete otter steerer 17a OES isis Ost 
Reticulum#cellstyrcr see settee icetatreret ete ic, oa EH, 0.8 = 0.2 


throughout, although there is a trend toward increase in the older stages. | 
Macrophages were not observed in this region of the cortex in the youngest | 
rats and, in the older rats, they appear as modifications of the reticulum cells in 
response to damage to the lymphocytes (Kindred, 1947). The mitotic indices 
of the lymphocytes appear to increase in the older rats, whereas those of the 
reticulum cells are constant. These data are the constants for the distribu- | 
tions of cells and their mitosis rates which have been used in analyzing the 
production of cells from one age to the next in 15-day-old and 20-day-old rats 
(Kindred, 1940) and for lymphocyte production from this region of lymph 

nodes in older rats (Kindred, 1942 and 1947). | 

In TABLE 2 are shown the distributions of cells in the light (RGhlich’s phago- 
cytic) zones of the nodules of the cervical lymph nodes. Nodules do not start | 
to develop until after the 20-day stage, so none is included in rats earlier than 
30 days. The number of cells per unit volume is considerably less than in the 
mantle zones, and there is no significant difference with age. The small 
lymphocytes have greater incidence at 60 days than at 30; and the medium- 
sized lymphocytes and large lymphocytes have relatively less, but still make | 
up a significant part of the population. Reticulum cells and macrophages | 
have about the same incidence in the nodules of the older as of the younger | 
rats. The mitotic indices of the lymphocytes are about the same in both | 
stages, but the mitotic index of the reticulum cells is significantly less in the 
older rats. 

Similar quantitative data on the cells of the dark (Réhlich’s mitotic) zones 
of the secondary nodules of the cervical lymph nodes are shown in TABLE 3. | 
In 30-day-old rats, when the nodules are just beginning to form, the number 
of cells per unit volume is much more variable than it is in the later stages. 
All of the cells fluctuate in number. Small lymphocytes are less numerous, 
and medium-sized lymphocytes are more numerous in this part of the nodule 
than they are in the light zone. Large lymphocytes decrease significantly 
with age. Degenerated lymphocytes (inside and outside of macrophages) | 
not present in great numbers in the nodules of the young rats are numerous | 
in the nodules of the older rats and, in the latest counts (1947), were included | 
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f LAnrEys 
CrervicaL Lympx Nopes. SECONDARY Noputes, Dark Zones, CELLs, ETC. 


a es ie 1938b 1938a-1942 1947 


AVS... cad aie oR ete ereae 30 60-80 60-80 
Cells per unit volume............ ZOQn cist 37 ZI0 4 s= 15 22a 22 
pemall lymphocytes.............. 26.0 == tS 1S (aa = 2e0 210s 5.0 
Medium lymphocytes........... 60.0 + 1.8 8.6 + 2.0 56.7 + 3.0 
Marge lymphocytes.............. 80+ 0.4 2.8+ 0.3 41+ 0.6 
Meenicalam cells: 22... a... 3.24 0.3 24+ 0.2 27+ 0.3 
BRACKOD HANES eer ans ae oe Po... O22 ate 0.2 Deepa ORS 3, le 052 
Degenerate lymphocytes......... — 5/per macrophage 13.44 1.1 
Mitosis 

ES Seg) = 4Uee) 3.425, O26 Adesso 
Srericulum Cellsi.2. 2.2. 6s wert Sea) 58 le OZ ats! ee (G7 


in the percentage distributions because the degenerative effects of nitrogen 
mustard poisoning were being measured. The mitotic indices of the lympho- 
cytes remain the same throughout, but those of the reticulum cells are less in 
the older rats. 

The significant differences between the light and dark zones of the secondary 
nodules lie in the higher incidences of medium-sized lymphocytes and higher 
mitotic index of the lymphocytes in the dark zone; also in the relatively smaller 
populations of small lymphocytes, reticulum cells, and macrophages in the 
‘dark zones. From these data (Kindred, 1938), it was concluded that the 
quantitative evidence supports the view of Réhlich (1933) that there are two 
different regions in the lymphoid nodules only as regards the mitotic index of 
lymphocytes, and that phagocytosis by the macrophages is about the same 
in both regions. These conclusions have been supported by observations on 
the lymph nodes from other animals and from other regions of the rat (Kindred, 
1938a and 1942). ‘ 

The relative percentage incidences of the lymphocytes, plasma cells, and 
reticulum cells, together with the mitotic indices of the lymphocytes and retic- 
ulum cells of the medullary cords of the cervical nodes are shown in TABLE 4. 
The small lymphocytes have smaller relative incidences in the older rats than 
in the younger; while medium-sized lymphocytes and plasma cells have greater 
incidences. It would appear that small lymphocytes, as they age, are trans- 
formed into plasma cells and medium-sized lymphocytes and are not replaced. 
‘Large lymphocytes do not bulk large in the population. Reticulum cells have 
significantly smaller incidence in the older stages and may possibly account for 
some of the lymphocytes and plasma cells. Macrophages and cell destruction 
are generally negligible in the cords in the early stages, and are at a minimum 
‘compared with other parts of the nodes. In the early stages, the mitotic 
indices are high and, in the older rats, low. The cell production is apparently 
able to take care of the wear and tear of local conditions, but does not supply 
cells for use in other parts of the body. Russell body cells and young and old 
granulocytes form varying proportions of the population of the medullary 


cords. 
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TABLE 4 
CrervicaL Lympn Nopes. MeEpuLLAry Corps. CELLS, ETC. 
Datewee " Pea ene SORE Tae Ee 1940 1940 | 1938b 1938a-1942 
IDEN conc oc Gries ADO neUO Ke Oia 15 20 30 60-80 
Cells per unit volume ........- er = = = = 
Seal ymanliecy eas sO Bc a oe eee 36.5 45.0 2250) aul, 6.9 + 0.7 
Medium lymphocytes .......-...-- ii a) 16.0 24.0 + 1.5 41.0 + 4.0 
Wargellymphocy tess. mae cree ees eS 9.2 7.4 +4 2.1 23) ele) 
Plasma) cells...) eo eee 9.0 1230) 40.5 + 3.4 40.6 + 4.3 
Reticulumucells: 9a. eee era 11-5 10.0 4.0 + 0.2 45+ 0.4 
Micicropliacesuny i aes ate eterna a neg. neg. neg. 0.9 + 0.02 
Mitosis 
ymphocyceseres eee eter ee 6.5 2 333) 0207-30206 
vet culumacellsans. et eerie ere 1.4 0.7 15 0.2 + 0.07 


Russell bedy cells and granulocytes form varying proportions of the population. 


TABLE 5 
Tuymus. Cortex. CELLS, ETC. 
Date Seer nas a 1940 | 1940 1938b 1938a-1942 1947 
Daysemmen oo. or: 15 20 30 60-80 60-80 
Cells per unit volume..../390 390 |330 + 15 WN, eS 470 + 16 
Small lymphocytes...... 58200) 5920068203 79.0 +1.5] 90.04 1.7 
Medium lymphocytes...| 28.0 | 28.0 | 27.0 + 2.4] 18.0 + 1.5 Sse (OL 
Large lymphocytes ..... PRIM) sitet) GAO! Sty Oe! 028 32.0205)" Osa OR 004 
Reticulum cellse) 9.0.4 1108 IZ 2a one Ot 2.4+ 0.3 jee) se (NES 
Macrophacesamanna is: = == = OFtR== 0802 neg. 
Degenerate lymphocytes.| — — = 1.6/per 2.7+ 0.6 
macrophage 

Mitosis 
Lymphocytesin. Gi... <= 15.0 | 15.0 | 16.0 + 4.0 1.4 + 0.2 (ay) se 80 
eticulumicelisy sane 4.1 5.8 HO) SS (eal 0.7 + 0.1 0.7 =e) 104 


The thymus has been found to be the most important lymphocyte-producing 
organ in young rats (Kindred, 1940). It is considered to account not only for 
its own growth, but to contribute lymphocytes necessary for the growth of 
other lymphoid organs and for the needs of lymphocytes by the circulating 
blood (Kindred, 1940). Any damage to its cells is reflected in an acute lympho- 
penia (Kindred, 1947). The comparative data on the quantitative histology 
of the thymic cortex are shown in TABLE 5. In the early stages, the lympho- 
cyte population is fluctuating and there is a high incidence of medium-sized 
and large lymphocytes. These lymphocytes have high mitotic indices and, 
in some 60- to 80-day-old rats, a relatively high mitotic rate is maintained, 
Small lymphocytes are produced in great numbers in the cortex, and the size 
of the cells decreases with age. Reticulum cells are quite numerous in the 
early stages and are also mitotically active, producing reticulum cells and 
possibly, some of the lymphocytes. In contrast to the nodules of the lymph 
nodes, there is no high phagocytic rate, and macrophages do not appear until 
the lymphocytes are poisoned by some such agent as the nitrogen mustards 
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TABLE 6 
SPLEEN. LympHorp Corps. CELLS, ETC. 


nig Oa eee 1940 1940 1938a-1942 1947 

5 HBs.0 55 St UR ere cai tne aS is 20 60-80 60-80 
Cells per unit volume........... 280 280 270 ==+ 22 Ms) Se ls} 
inal lymphocytes. ........--:. 81.6 oY 91.5 + 0.8 87.0 + 1.4 
Medium lymphocytes........... 8.2 ist 1.8+ 0.3 Do) se Ose 
Bargelymphocytes............. 0.7 1n3 0.3 == 022 OG ae Opil 
Pmericuliuim cells. <5. 6 jcc oe see 10.0 5.8 Soles Wo 5.6 ae Oot 
PMICLOPMALES 6 rack oe os = neg. ne neg. Ose OY 
Degenerate lymphocytes........ — — 2.7+ 0.8 

Mitosis 

Mumphocytes. .......--++--++>: 1 MRS HES or bee fe a BO se Ons} 16) Se Oss) 
mericulum cells...-....-......-- | oe ee ee ee lO) 0.34 0.1 — 


(Kindred, 1947). Such a condition in the normal thymus suggests that 
this region is only a source of lymphocytes, while the secondary nodules of the 
lymph nodes and, as we shall see, of the spleen, are not only sites of proliferation, 
but are regions where effete lymphocytes are eliminated and the byproducts 
from nucleic acid destruction are utilized in the rejuvenation of the resident 
lymphocytes, a process somewhat resembling the manner in which Wiecker 
(1954) has suggested that products resulting from enucleation of the normo- 
blasts are utilized by the erythroblasts in erythropoiesis. That the nucleic 
acid persists in the macrophages for some time is shown by the positive reaction 
of the dead nuclei to Feulgen’s reagent. No one has as yet shown that there is 
such a turnover of nucleic acid, but Andreassen and Ottensen (1944) have 
shown that, in P32-marked rats, the thymus is the site of greatest P32 turn- 
over in the series of lymphoid organs examined. As such, this site is followed 
by the mesenteric lymph nodes, skin nodes, spleen, and Peyer’s patches. 
In TABLE 6, the quantitative characteristics of the splenic cords are sum- 
marized. The number. of cells per unit volume remains about the same 
throughout the ages studied. Small lymphocytes increase with age, while 
medium-sized lymphocytes decrease. Large lymphocytes remain about the 
same. Reticulum cells decrease, and macrophages are negligible. A few 
degenerated lymphocytes are present in the older stages. No appreciable 
number of other types of cells was found in the lymphoid cords. The mitotic 
indices are low and remain low throughout. 

Although the cortex of the lymph nodes, the cortex of the thymus, and the 
splenic cords are regarded as dense lymphoid tissue, there are certain quantita- 
tive differences by which they can be distinguished, such as: (1) the more 
constant and high percentage of small lymphocytes in the lymph nodes; (2) 
the greater incidence of medium-sized lymphocytes in the thymic cortex; and 
(3) the higher incidence of reticulum cells in the splenic cords. Also, in the 
early stages, mitosis is never so high in the lymph node cortex, nor In the splenic 
cords, as it is in the thymic cortex. ; “a 

The secondary nodules of the spleen have no light zones. aL he quantitative 
histologic characteristics of these nodules are summarized in TABLE 7. The 
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TABLE 7 
SPLEEN. SECONDARY NODULES. CELLS, ETC. 


IDE Leen aa MOR sco mR ons onc 1938b 1938a—-1942 1947 
Devel ces ee 30 60-80 joe 
Cells per unit volume...............- = 1935 Eee = 5. 
Small) lyampWocytes tse aster 72.0 28.0 + 4.3 24.0 + 5.0 
Medium lymphocytes...........---- 14.0 56.0 =23.0 57.0 + 5.0 
Large lymphoeyteSnact scr oils 3.6 628usey eli2 3.0 + 0.3 
IReticuluni(cell sie eer aer cere 9.6 5.8+ 0.7 3.0 + 0.8 
iMiacrophapesmm ate sieeve) aetetee x bee te 0.8 Seas Wate 22.9, ==.02t 
Degenerate lymphocytes...........-. a == 11.3 +1.4 
Mitosis 
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iReticulunaicells anes ener 0.2 0.4 E7052 — 


population is extremely variable. In the nodules of the 30-day-old rats, the} 
small lymphocytes predominate but, in the older rats, there is a greater popula- 
tion of medium-sized lymphocytes. Large lymphocytes are quite noticeable,, 
even though not abundant. Reticulum cells decrease with age, and macro- 
phages are few in the nodules of the younger stage. A few secondary nodules are 
present before the 30-day-old stage. Degenerated lymphocytes are not marked 
until the 60-day-old stage. The mitotic indices of the lymphocytes increase 
with age, but those of the reticulum cells remain low. 

In contrast with the secondary nodules of the cervical lymph nodes, those of! 
the spleen resemble more the dark zones than the light zones, and yet there are: 
certain differences from both zones, particularly as regards small lymphocytes 
and reticulum cells in the nodules of the early stage. Both of these types of 
cells have higher incidences in the splenic nodules than in those of the cervical! 
nodes. Medium-sized lymphocytes and degenerated lymphocytes and the} 
mitotic index of the lymphocytes are about the same as in the dark zones of/ 
the nodules. : 

The data on the 15-day-old and 20-day-old rats together with additional| 
similar quantitative data on other hemopoietic organs were used in a formula. 
from the calculus devised by Doctor J. E. McShane of the Mathematics De-- 
partment of the University of Virginia, to calculate hourly production of’ 
lymphocytes and other cells on the bases of varied lengths of time for the dura- - 
tion (one to three hours) of the mitotic cycles (Kindred, 1940). 

The data on the 60- to 80-day-old rats, supplemented by additional data on | 
the lymphoid organs and bone marrow, were utilized to predict the production | 
of different kinds of cells needed to meet the demands of growth and of cells for ’ 
the circulating blood. The calculations were based on mitotic cycles with a | 
length of either 30 minutes or one hour. Two interesting features were in- 
troduced into the methods of study. In the first place, the area covered by 
the epithelium of the small intestine and enumeration of the lymphocytes in| 
this epithelium were calculated for evidences of migration and loss via the | 
lumen. Although the calculated number of small lymphocytes found in the. 
epithelium and the subjacent lamina propria mucosae was 125,000,000 
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? 32,000,000/100 gm. body weight, it was concluded that there was no evidence 
hat these cells were on their way out becauss, in the intact epithelium, the in- 
ercellular cement of the terminal bars demonstrated as present in the intestinal 
pithelium by Chambers and Renyi (1925), was presumed to act as a bar to 
migration. Damage to the epithelium, such as occurs in radiation and ni- 
rogen mustard poisoning, was believed to permit large numbers of lympho- 
ytes to escape along this route (Kindred, 1947). 

The second feature of lymphocyte life not emphasized in the earlier studies 
was the estimation of the loss of small lymphocytes by phagocytosis in the 
secondary nodules. The number destroyed per hour was estimated by mul- 
the average number of small lymphocytes engulfed by the macrophages 

y the macrophage population, and dividing this number by 24 hours, the 
number of hours which has been recorded by Clark and Clark (1930) as the 
time required for the nucleus of an ingested nucleated cell to disappear following 
ingestion by a macrophage in the extravascular tissue of the tail of the living 
frog-tadpole. Thus, an estimate of small lymphocyte destruction was in- 
cluded in the calculations concerning lymphocyte production in response to 
the needs of growth in both local situations and in the circulating blood (Kin- 
dred, 1942). 

Calculations made on the relations of the lymphatic drainage (Job, 1915) 
0 the production of newly formed lymphocytes showed that about 50 per 
sent of these would be contained in lymphatics which drained into the thoracic 
duct, 37 per cent by the right lymphatic channels, and 13 per cent via the 
Slood vessels of the spleen. The total number of lymphocytes entering the 
ylood stream via the thoracic duct per hour/100 gm. body weight would be 
ibout 8.2 per cent of the estimated number of lymphocytes in the circulating 
slood. When Yoffey’s (1933) data from measurements of the number of 
ymphocytes entering the blood via the thoracic duct in the dog were analyzed 
n the same way, it was found that the lymphocytes amount to about 5.0 per 
ent of the number of lymphocytes in the circulating blood/100 gm. body 
weight. This agreement between calculated production and measurements of 
ymphocytes entering the blood gives quantitative support to the view of 
Yoffey and Drinker (1939) that the vast majority of lymphocytes entering the 
jlood through the lymph stream were newly formed in the lymphoid organs. 

These quantitative methods of study were used in analyzing the effects of 
he nitrogen mustards on the hemopoietic organs of rats from the same colony 
Kindred, 1947) and of dogs (Kindred, 1949), and were found to be very suc- 
essful in presenting quantitatively the changes in the hemopoietic organs 
ssociated with leucopenia. 

In an analysis of the life span of the white blood cells as measured in irra- 
liated parabiotic rats, Van Dyke and Huff (1951) have found that my calcula- 
ions for the production of myelocytes and lymphocytes are “in remarkable 
greement” with the findings reported in their paper. 
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Discussion of the Paper 


Doctor WILLIAM BLoom (University of Chicago, Chicago, Ill.): After gradua- 
tion from medical school, I spent two years in pathology. At night and on 
week ends, when the more experienced pathologists were not present, I had to 
try to make diagnoses on blood smears, and I often found myself in great 
difficulty. The pretty pictures in the books often did not look like the cells 
in my smears, and I was frequently unable to verify some of the supposed 
minute differences in cells. 

When I began to work with Doctor Maximow, one of the first questions I 
asked him was how could one tell a lymphoblast from a myeloblast. At that 
time, I knew nothing of what he stood for in hematology. He looked at me. 
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sharply, grunted, and said: “I have been trying to do that for over 20 years 
vithout success.” I cannot express how relieved I was when I heard him 
make this remark. To this day, I cannot tell these cells apart. 

_ As I worked in the field, I learned how many criteria had been proposed 
from time to time in attempts to solve the problem of the morphological separa- 
tion of the free stem cells of the blood into several categories. Incidentally, 
I believe that much of the acrimony in this field was, in part, a result of the 
Franco-Prussian War. Thus, most of the Germans, valiantly defending the 
position taken by Erhlich and later by Naegeli, were for years unwilling even 
to consider seriously the findings and theories of French investigators, and 
vice versa. 

I might mention some of the more important of the differentiating criteria 
which have fallen by the wayside. For instance, it was claimed for some years 
that one could tell the “blasts” apart by the number of their nucleoli, there 
being supposedly one nucleolus in lymphoblasts and many in myeloblasts but, 
after a few years, this supposition was generally admitted not to be true. The 
matter of nucleoli in blood cells was carried to extremes when it was even 
claimed that some types of cells did not possess nucleoli. This assertion, of 
course, was an error, introduced by the dry-smear method, since all of the cells 
contain nucleoli. Then, it was maintained that one could tell the “blasts” 
apart by their mitochondria (the Altmann-Schridde granules), but this claim, 
too, was soon found to be invalid. Next, it was said that one could tell these 
cells apart by a positive oxidase reaction in myeloblasts and a negative one in 
lymphoblasts. But this criterion was also deficient because all of the sup- 
posedly different stem cells are oxidase negative, it being essentially the speci- 
fically granulated cells which give the oxidase reaction (possibly excepting 
weak oxidase reactions in some monocytes). 

Then came a revival of supravital staining, using Janus green and neutral 
red. In my experience, this method does not enable one to tell the various 
stem cells apart. As I told my former teacher, Doctor Sabin, it seemed to me 
after a thorough trial of the supravital method that one made a diagnosis 
essentially on the organ in which the stem cells are found, calling them myelo- 
blasts in bone marrow, monoblasts in spleen, and lymphoblasts in lymph 
nodes. The diagnosis of a cell type was accordingly made not on distinguish- 
ing morphological characteristics but on the types of accompanying cells, and 
I found the method worthless in trying to analyze the stem cells in extra- 
medullary myelopoiesis and in circulating normal and pathologic blood. I 
would also point out that the neutral red rosette is not specific for monocytes. 
In our rats, over 50 per cent of the circulating lymphocytes contained neutral 
red rosettes and, of course, these cells are not monocytes. There is a lymph 
node in the rat between the cecum and ileum which is loaded with plasma cells, 
and these cells contain rosettes. I am sure our rats, with possible exception of 
Bartonella infection, were healthy animals. Again, as I recall, Hall found 
that a very high percentage of the circulating lymphocytes in the monkey also 
had rosettes. 

I shall not consider other minor distinguishing criteria which were proposed 
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at one time or another but are now generally recognized as having no valug 
But I must discuss the latest morphological criterion proposed for separating 
the “blasts” in which it was claimed that lymphocytes move with a “hand 
mirror configuration” with a little tail of cytoplasm trailing behind them, anc 
that the myeloblasts move with a corkscrew motion. When I read this report; 
I was sure that it could not be true because I had watched many of these cells: 
in cultures over many years. I started to repeat these observations with time 
lapse motion pictures, but this was just before the war, and I became bus 
with other work. Doctor De Bruyn took over the problem and did a lovely 
job with it. He found that when the free-stem cells, irrespective of their 
organ of origin, were on the cover slip, they moved with a hand-mirror motion, 
and that when they were deep in the fibrin meshwork of the culture they moved} 
with a corkscrew motion. I can still recall the look on Doctor Wintrobe’s faces 
when we showed him motion pictures of a stem cell moving on the cover slipd 
with a hand-mirror form (supposed lymphocyte motion), then leaving thes 
cover slip and crawling in the fibrin with corkscrew motion (supposed myelo-# 
blast motion), and assuming the supposed type of lymphocyte motion when iti 
came back onto the cover slip again. 

So, this method and all the other morphological methods proposed in the§ 
last half-century, singly and in combination, have failed to enable me to dis 
tinguish the various blasts from one another even on morphological grounds., 
The growing tendency of more and more clinical hematologists to speak of thes 
stem cells as “blasts”? until other discriminating criteria appear either in the# 
blood cells or in the clinical-pathological course of the diseases is a reflection off 
their inability to separate these supposedly different cells by the present mor- 
phological methods. In short, we are not delimiting cells by their morphology, 
if we have to know what their progeny will be before we can pigeonhole them. 

We need better and newer methods. Surely, the continued repetition of old| 
claims based on the methods of the past half-century have not helped usd 
advance. All that I have said so far is on the negative side. 

I cannot now go into a consideration of the great numbers of experiments on 
the histogenesis of inflammation, extramedullary myelopoiesis, transplantation: 
of hematopoietic organs and tissue culture; nor can I go into any details of ff 
normal embryogenetic and comparative hematopoiesis. In my opinion this 
great body of observations substantiates the general thesis that, for embryonic’ 
and adult animals, including mammals, the free stem cells in all blood-cell--# 
forming tissues are morphologically and potentially identical in all situations, , 
and that this cell (lymphocyte, hemoblast, hemocytoblast, or whatever other- 
term is one’s favorite name for it) develops in a particular direction according 
to the stimuli to which it is exposed. 


Part II. Techniques in the Study of Leukocytic Functions 
A METHOD OF STUDYING LEUKOCYTIC FUNCTIONS IN VIVO* 


By John W. Rebuck and James H. Crowley 


The Department of Laboratories, The Henry Ford Hospital, Detroit, Mich.; and 
The Department of Anatomy, The University of Minnesota, M inneapolis, Minn. 


Introduction 


_ Passage of the white cells of the blood from the blood vessels into the area of 
inflammation probably was first described by Dutrochet! in 1828 (Hektoen and 
Riesman,’ Adami’). In 1&43, Addison‘ immersed a frog’s foot in hot water 
and noted that the colorless corpuscles in the irritated web of its foot adhered 
to the tissue and that the corpuscles went on ‘‘congregating in the irritated 
tissue for an hour or two.” In 1846, Waller® also described the active nature 
of leukocytic migration. Addison® moreover, in 1849, anticipated Cohnheim’s? 
more publicized experiment. 

Zimmerman’ (1852) (cf. Schlumberger’), emphasized that inflammation was 
a local process characterized by “‘an abnormal escape of blood corpuscles from 
the vessels associated with a focal rise in temperature.’’ Virchow! (1858) 
could not decide whether leukocytes were pus cells taken into the blood or, 
conversely, if pus cells were extravasated leukocytes. 
~ Schultze" (1865) was able to observe white blood cells kept at body tempera- 
ture by means of his ingeniously contrived warm stage. In his Fig. 13, Le depicts 
a “finely granular cell” in the ameboid form now thought to be characteristic of 
a lymphocyte. This cell had ingested fine droplets of milk which he had 
mixed with the human blood cells. 

Haeckel!” (1862) injected indigo into the mollusc, Tethys, and was the first 
to demonstrate that leukocytes were capable of taking up foreign bodies into 
their own cytoplasm after finding indigo granules within the blood corpuscles. 

Migration of leukocytes from vessels was further confirmed by F. E. 
Schultze! (1866), Hering“ (1867), and by Cohnheim’ in his now famous paper 
of the same year. 

Lieberkiihn!® (1870) demonstrated the ameboid motility of leukocytes in 
salamanders, rabbits, and various other animal species, watching their advance- 
ment in small glass tubes. He coined the phrase ‘‘ameboid motion.” 
 Bizzozero!® (1871, 1872) observed leukocytes in the larger cells of pus and 
suspected that the larger cells had devoured the leukocytes. Ziegler!’ 18 
1875, 1876) was perhaps the first to advance the concept that mononuclear 
xudative cells were transformed mononuclear white blood corpuscles but, 
infortunately, he soon abandoned the idea. 

According to Gay,!® Hayem, Birsch-Hirschfeld, and Koch had previously 
lemonstrated bacteria within the cells of diseased tissues, but the true cyto- 


* We are indebted to Doctor Hal Downey for his help in this work. : 
+ James H. Crowley’s present address is St. Joseph’s Hospital, St. Paul, Minn. 
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logical basis of natural resistance was established by the work of Metchnikoff. 
Although Metchnikoff gave full credit to the earlier work Doe men (Panum, 
Grawitz, Gaule, and Roser), still, as expressed by Gay,!® “the full exposition 
and understanding of phagocytosis” was Metchnikoff’s own. 

Through his work on mesodermic digestion in Medusae, Metchnikoff be- 
came convinced that mesoderm retained a primitive digestive function. AL 
though the Coelentera and some Echinoderms possessed an entodermal digas ; 
tive cavity, he believed that their mesodermal cells retained their powers of 
intracellular digestion. In 1883, he was struck by the idea that the mobile F 
cells of a transparent starfish larva might serve as defense elements against | 
invaders; whereupon he introduced rosethorns under the skin of a starfish. 
larva (Bipinnaria asterigera). As a result the rosethorns were surrounded by / 
the mobile mesodermal elements.”?: ™ 

Soon afterward, Metchnikoff observed spontaneous ingestion and destruc- | 
tion of Monospora bicuspidata by mobile cells of the blood of the infested, | 
fresh-water crustacean, Daphnia magna, which had made their way into the 
general body cavity (his figures 41-43, 1891).?? Inflammation became to 
Metchnikoff, in its simplest expression, a reaction of mesodermic cells to an |} 
agent extrinsic to an organism. To these mesodermic cells, which digested fj, 
microbes, he gave the nam? suggested to him by Claus, “phagocytes,” that is, | | 
“devouring cells.” 

The following years saw the application of Metchnikoff’s experiments”: 73 | 
to more complex animal forms, with bacteria serving as stimuli to inflamma- 
tion. In these forms, the mesodermal elements acting as phagocytes were of | 
two general types, macrophages and microphages. The microphages were 
the polymorphonuclear granulocytes of the blood, and the macrophages were 
again subdivided into: (1) hematogenous macrophages, that is, lymphocytes 
which in turn gave rise to the large mononuclears; and (2) histogenous macro- 
phages, the phagocytic cells of the spleen, peritoneum, bone marrow, sinusoidal 
lining cells of the liver, and, in general, the fixed tissue cells now known as the 
reticuloendothelial system of cells. 

Leber™ (1888) first described and demonstrated chemotaxis of leukocytes. | 
He watched their reaction to an extract of Staphylococcus aureus which had 
been placed in the anterior chambers of the eyes of his experimental animals. 

The foundation for our modern concept of lymphocyte function is found in 
Metchnikoff’s paper of 1888.%° In these experiments, Metchnikoff demon- 
strated that lymphocytes of the blood of the rabbit and marmot suffering from |} 
pulmonary tuberculosis migrated into tuberculous areas and gradually hyper- 
trophied to form cells which he called “large mononuclears.”’ These large 
mononuclears, in turn, formed macrophages and epithelioid cells. In the. 
same year, Yersin”® inoculated rabbits with tubercle bacilli intravenously, and | 
studied tubercle formation in the liver and spleen from the 2nd through the 
41st day. In his animals, he described transformation of lymphocytic function | 
as well as morphology as the lymphocytes accumulated in the infected area and 
became the cells known as epithelioid and giant cells, 

Ruffer™ (1890) described this process of lymphocyte change in the response | 
of appendices and tonsils to normal bacterial invaders. His description of the | 
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srocess needs no modern revision (his p. 491): “The (lymphocytes’) nuclei are 
surrounded by a small amount of protoplasm of a pale rose color. More 
careful examination of the lymphoid tissue reveals the presence of other mono- 
nucleated lymphocytes differing only slightly at first from the other cells sur- 
rounding them. The nucleus of these cells is somewhat paler and its reticulum 
slightly more apparent, though the protoplasm may not be at all increased in 
size as yet. Other cells possess a nucleus which is again slightly larger, paler, 
and more vesicular than the latter, as if the nuclear juice had increased at the 
expense of the solid part of the nucleus.... Lastly, the nucleus and proto- 
plasm become enormous and the macrophage is formed. . . .The macrophage is 
merely a lymphocyte which has assumed a new shape, and . . . a new function.” 
Excellent figures are appended to this paper. 

Metchnikoff’s lectures” on the comparative pathology of inflammation, 
delivered at the Pasteur Institute and published in 1892, demonstrated irrefu- 
tably the role of the lymphocyte as it hypertrophied to form, first, large mono- 
nuclears and then, hematogenous macrophages. 

Arnold** (1893) introduced various foreign bodies into the mesentery and 
lymph sac of frogs and followed the gradual transitions of lymph cells to the 
large connective tissue elements in the ensuing aseptic inflammation. Borrel?? 
(1894) made similar observations in tubercles in the kidney of the rabbit. 
Kanthack and Hardy*® (1894-95) traced the origin of their “hyaline cells” 
(large mononuclear cells) to the lymphocytes of coelomic fluid and established 
them as morphological units, distinct from the specifically granulated cells. 
These investigators observed the same lymphocytic function in blister fluid 
from the skin of the arm of human volunteers, into which Bacillus ramosus 
had been subsequently inoculated. 

Ranvier*! (1900) studied the functions of clasmatocytes and leukocytes in 
aseptic inflammation of the peritoneum, mesentery, and appendix in the green 
frog, salamander, white rat, guinea pig, and rabbit. He amply demonstrated 
that lymphocytes were a source of the defense elements. 

Maximow” (1902), in an extensive review of his experiments in aseptic in- 
flammation, described: (1) the motility of lymphocytes; (2) migration of 
lymphocytes from the smaller vessels into the field of inflammation; and (3) 
their progressive hypertrophy into lymphocytogenous macrophages (his 
‘“Holyblasts”). Maximow inserted a series of celloidin chambers into the 
connective tissues of rabbits, dogs, and pigeons. More than 20 timed stages, 
from 19 hours to 65 days of inflammation, were so studied. In 1903, the same 
investigator extended his studies on new tissue growth in similar chambers, 
from the fifth hour to the eight month in the process of scar formation. He 
Jemonstrated that macrophages originated from newly emigrated lymphocytes 
ind sessile clasmatocytes. 

In 1904, Maximow,* while studying inflammatory connective tissue forma- 
ion and changes in mast and fat cells of white rats, found that, in as short a 
yeriod as four hours, the hypertrophy of emigrated lymphocytes resulted in 
macrophage formation. In the same year, Ziegler® studied edema in the skin 
nd subcutaneous tissues of 21 human subjects at autopsy. He traced the 
sradual transformation of lymphocytes migrated from the blood vessels into 
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large phagocytic cells in areas of edema. Schwartz (1904) introduced bothi 
glass and celloidin chambers into the connective tissue of rabbits and, by thes 

second hour, the small and larger lymphocytes were migrating from the vessel ‘ 
in appreciable numbers and, between the 2nd and 10th hours, were transform- 
ing into large phagocytes. ar) it | 

Helly*” (1905) injected a large variety of bacteria into the pleural cavities off 
more than 100 experimental animals, and studied the resulting exudates at 24 
and 48 hours. He observed a continuous series of transition forms between: 
lymphocytes and macrophages. In the same year, Maximow® combined. 
celloidin chambers inoculated with various bacteria with the study of aseptic; 
chambers. The septic reactions differed only quantitatively, not qualitatively.. 
He emphasized that the lymphocytogenous origin of the macrophages was9 
found most convincingly in the early (fourth to eighth hour) stages of inflam 
mation. 

The thesis of the opposition, mostly Germanic at that time, to this conceptt 
of lymphocytic function was that the lymphocytes were incapable of loco 
motion and, therefore, could not migrate from the vessels into areas of inflam. 
mation and form macrophages. Lewis and Webster,*® however, a decade or soo 
later, were to make painstaking demonstrations of lymphocytic locomotion.. 

Metchnikoff?? (1905), in his second text, clarified the nomenclature of such: 
cells. He stated: “The smaller white corpuscles found in fairly large numbersg 
in the blood and lymph, commonly known as lymphocytes or small lympho 
cytes, are simply leucocytes with very little protoplasm, which in this state 
never fulfill phagocytic functions. It is only when it becomes older, when its 
nucleus, single and rich in chromatin, becomes surrounded by an ample layery 
of protoplasm, that the lymphocyte becomes capable of ingesting and resorbingg 
foreign bodies. Several authors, with Ehrlich at their head, still assign to thosed 
larger cells the same name—lymphocytes. Others, however, give them the¥ 
name of large mononuclear cells. Confusion is thus possible, especially ass 
Ehrlich includes under the same term the large mononucleated leucocytes, a 
very rare form in human blood which is distinguished by the greater staining? 
capacity of its nucleus. To avoid this inconvenience I propose to designated 
the large lymphocytes by the name of blood macrophages and lymph macro 
phages (haemomacrophages, lymphomacrophages) . . .. The mesoblastic phago 
cytes of the vertebrata are divided then, into fixed phagocytes—the macro 
phages of the spleen, endothelia, connective tissue, neuroglia, and muscled 
fibers—and free phagocytes .... The fixed macrophages and the free macro 
phages resemble one another so greatly that it is very often extremely difficult, 
if not impossible, to differentiate them. For this reason it is often very useful,, 
when the exact origin of a large phagocyte is not known, simply to name iti 
macrophage.” 

In the decade that followed, there was abundant confirmation of an ex-4 
perimental nature of Metchnikoff’s lucid statement. In 1906, Maximow*"§ 
turned to the study of inflammation in cold-blooded animals and chose thet 
axolotl. His Taf. XVII, Fig. 2, and Taf. XVIII, Fig. 10, have been widely® 
published in textbooks of pathology as classic portrayals of lymphocytic migra} 
tion, In 1907, Zieler*: “ used a Finsen-Reyn lamp’s concentrated beam on the 
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inner surface of a rabbit’s ear to study the resulting aseptic inflammation. At 
f, 2, 4, 15, and 24 hour stages he noted the migration of small lymphocytes into 
the areas of inflammation and their transformation through cytoplasmic 
changes into large lymphocytes or polyblasts. In the same year, Renaut® 
completed his extensive work on the potential phagocytes of the connective 
tissues which he called rhagiocrine cells. He also worked on the source of the 
potential phagocytes in thoracic duct lymph. He traced many of these phago- 
cytic cells back to lymphocytes. 

The material of von Verebely“ from the Surgical Clinic at Budapest consisted 
of granulating fatty tissue from patients with primary healed herniotomy 
incisions, dead two to three weeks later of apoplexy, pneumonia, or pulmonary 
embolism, as well as diverse patients with laparotomy incisions with primary 
healing or showing stitch abscesses, and a long series of patients with excised 
tumors. Von Verebely described the transformation of human lymphocytes 
into large mononuclear cells, phagocytic for fatty debris in such areas. Be- 
cause of the surgical nature of his material, quite frequently, he was able to 
date the exact onset of the initiating stimulus to the fatty tissues. Stages 
studied were from 24 hours to 5 weeks in duration. 

In 1909, Fischer* introduced elder pith saturated with turpentine into the 
subcutaneous tissues of mice and rats and studied the sites of inflammation at 
0.75, 1.25, 2, 3, 5, and 18-hour stages. He, too, emphasized the necessity of 
early stage observation to catch the lymphocytes in process of migration from 
the smaller vessels. 
~ In the following year, Babkina** supplied a partial solution to the puzzling 
problem of the apparent sluggishness of lymphocytic acquisition of phago- 
cytic powers in the lymphatic tissues themselves. She imbedded celloidin 
tubules in the spleen, lymph nodes, and marrow of rabbits and observed that 
the local lymphocytes remained inert for a long time but that, still later, they 
hypertrophied and were transformed into phagocytic polyblasts (macrophages). 
She explained this sluggishness by pointing out that such tissues already con- 
tain large numbers of cells which were immediately phagocytic, namely retic- 
ulum cells, and that lymphocytic transformation into phagocytes in such 
areas is therefore seldom required. 

In 1911, Homen“ studied tubercle formation within sciatic nerves of rabbits 
and guinea pigs. He inoculated virulent human type tubercle bacilli into 
these structures and studied the reaction in serial stages from the sixth hour 
through the fifteenth month. The origin of epithelioid cells from polyblasts 
and, ultimately, from lymphocytes, as well as from fibroblasts and adventitial 
cells, was apparent to him. In the same year, von Fieandt* injected virulent 
human tubercle bacilli into the internal carotid arteries of dogs and observed 
the transformation of lymphocytes into macrophages in the resulting tubercles 
In the meninges and cerebrum within 12 to 14 hours. 

Also in 1911, Wallgren*® published careful descriptions of experimental 
hepatic tuberculosis in rabbits, after injecting the organisms into cecal veins. 
In two to four days, the predominant lymphocytes showed numerous transi- 
ional stages to polyblasts. In his Fig. 1, Taf. XIII, eight stages in the de- 
velopment of the lymphocyte to epithelioid cell are depicted. Here, for the 


« 
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first time, changes in the cell center, centrioles, and attraction sphere were, 
delineated, as progressive changes in lymphocytic function took place. 

In 1912, Downey and Weidenreich,”° studying the reaction of the lympho 
cytes of the appendix of the rabbit to the influx of intestinal bacterial flora. 
confirmed Ruffer’s”’ findings with respect to the phagocytic transformation ob 
the lymphocytes. In 1913, Dubreuil®! made an intensive study of lymphocytic 
functions. He employed an unusual method in proving the derivation of the 
mononuclears from the lymphocytes in that he correlated concomitant granulam 
mitochondrial changes as the lymphocytes changed function. He also em+ 
ployed postvital staining with neutral red to show the same functional relation~ 
ships of the lymphocyte. 

Aschoff,® in his extensive contributions to our knowledge of a general de+ 
fense system of cells, excluded the lymphocytes from his scheme of a reticulo+ 
endothelial system, because, under the conditions in which his experiments; 
were performed, he was uncertain as to whether lymphocytes were phagocytic 
for vital dyes. Even while Aschoff was performing his work, Tschaschin?*: 54 
was already demonstrating that small lymphocytes phagocytosed vital dyes: 
until their cytoplasmic content was indistinguishable from ordinary macro-: 
phages. Downey,°**: °® soon after, demonstrated that the lymphocytes within 
the blood itself were capable of phagocytosing colloidal dyes, if only the dyes 
were first made available to these cells by the simple expedient of double@ 
ligature of a vessel with study of the leukocytes in the interposed segment.) 

Policard and Deplas*’ (1917) described the cellular constituents of normali 
and infected human granulation tissue. ‘These workers made counts of the cel 
types found at the surface, at an intermediate level, and at the depths of thes 
granulations, at timed intervals from the 12th to the 25th day. They de-+ 
scribed the manner in which lymphocytes migrated from the smaller vessels. 
transformed into the macrophage, and finally settled down as fibroblasts in the 
ultimate scar. 

The reports of Bergel®* (1920) dealt with the lipolytic enzymes of the lymph4 
ocyte. In one series of experiments, he described the breakdown of the fatty; 
constituents of the leprosy and tubercle bacilli within the cytoplasm of lympho4 
cytes, after the lymphocytes had ingested those organisms. In another seriess 
in which various lipids were injected into the body cavities, Bergel emphasized 
that the lymphocytes underwent structural changes as they assumed phago» 
cytic and digestive functions toward lipids. As this physiological functiom}. 
was exerted by the lymphocyte, its nucleus enlarged, often becoming slightly} 
indented; a parallel change went on in the cytoplasm with gradual ingestion off 
one, two, or more fat droplets; and the protoplasm of the cellular body alsci 
increased gradually. As more and more droplets were ingested, the cytoplasm}, 
became large, the nucleus became plumper with a looser structure, and the 
macrophage stage was attained. 

In the same year, a comprehensive resume of Dominici’s** experimenta! 
and observational works was published in three lengthy papers. As a back 
ground for his views on the lymphocytic origin of the phagocytes, he included 
a great deal of human material: a scrotal fistula, tertiary lesions of syphilis.) 


Rebuck & Crowley: Leukocytic Functions in Vivo 763 


mycotic infections, and normal lymph nodes, as well as those with carcinoma- 
tous metastases. 

Latta® (1921) reported that large lymphocytes in the lymphatic tissue of the 
intestine could take on abundant acidophilic cytoplasm and ingest lympho- 
cytic remnants. In 1922, Danchakoff and Seidlin® injected a mass of the 
protein, edestin, into the mesenchymal tail plate of tadpoles. In reference to 
lymphocytic functions, the authors stated (p. 105): “As these cells advance 
toward the injected mass they exhibit a series of changes, which made them 
rapidly acquire a digestive activity little expected from the small lymphocytes. 
A rapid transformation of a small lymphocyte into a histiotopic wandering cell 
thereby takes place.” 

In 1923, Maximow® added to the list of techniques by which the develop- 
mental potencies of lymphocytes had been studied. Lymphocyte production 
of macrophages in tissue cultures of mammalian lymphoid tissue is well depicted 
(Taf. XVIII, 5, 6; Taf. XXI, 13). In the same year, Maximow® also investi- 
gated blood formation in the Selachii and found that histiocytic cells of the 
embryonic forms, as well as of adults, arose from large lymphocytes which, in 
turn, arose from body mesenchyme. A year later, this indefatigable investi- 
gator™ had managed to produce tuberculosis in explants from mesenteric 
lymph nodes, omentum, and intermuscular connective tissue in tissue culture. 
In the lymph nodes, reticulum cells were, of course, the most active phagocytes. 
However, lymphocytes also played an active part, hypertrophying and trans- 
forming into polyblasts and, later, sometimes acquiring an epithelioid character 
‘joining the reticular cells in the process of tubercle and giant cell formation.” 

In the same year, 1924, Alfejew® reported on the origin of the wandering 
cells of the connective tissues of the embryonic forms and newborn of many 
different species, including man. He concluded that the wandering cells 
arose from lymphocytes. In 1925, Maximow*® inoculated tissue cultures of 
buffy coats of the blood of rabbits and found that (p. 429): “the monocytes 
respond promptly to the stimulus and, being larger and better prepared for the 
defense reaction, sooner reach the fully developed epithelioid stage. The 
lymphocytes are slower, but nevertheless they follow in the same way and, 
sooner or later, join the monocytes in their transformation into epithelioid 
cells.”’ In the same year, Timofejewsky and Benewolenskaja®” reported 
similar findings. In this year too, Jordan® injected India ink into the dorsal 
lymph sac of frogs and concluded that the monocytes observed developed from 
lymphocytes. 

In 1926, Stillwell® injected India ink and fresh egg yolk into the tongues of 
adult live frogs and observed that the living mononuclear exudates were almost 
exclusively hematogenous in origin (p. 90): “They represent lymphocytes and 
monocytes of the circulating blood which have emigrated out of the blood 
vessels and have undergone a rapid hypertrophy in the tissues.” 

_ In the same year, Vierling,’ too, studied living cells in Amphibian larvae. 
He injected vital dyes into the heart or lymph vessels, and then used the supra- 
vital dye, neutral red, to follow the changes in his preparations. He saw that 
lymphocytes, already tagged with the vital dyes which they had ingested within 
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the vessels, migrated out of the blood and lymph vessels, and he concluded thats 
these cells were capable of forming any of the elements of connective tissue. 

In 1926, Lang” introduced bits of sponge containing lecithin and agar intot 
subcutaneous tissues of animals into which he had already introduced India inka 
intravenously. In this way, he demonstrated that, although the endothelial} 
cells, at times, contained intracellular carbon aggregates, they did not trans- 
form into phagocytic elements. Instead, the macrophages arose from lympho- 
cytes and monocytes. This work stressed that the hypertrophy of the emigra~ 
ting lymphocytes and monocytes began while these cells were still within theq 
capillary lumen: “Transitional forms between lymphocytes and monocytes,i 
ordinarily missing or rare in the circulating blood, seem to become common i 
the stagnant blood of the vessels . . . (of the inflammatory site).” 

In 1927, Timofejewsky and Benewolenskaja” repeated their previous wor 
with tubercle bacilli; but, at this time, they used the cells of human blood 
The lymphocytes and monocytes of man were likewise seen to transform inter 
epithelioid cells. 

In that same year, Michels and Globus” studied the lymphocyte reaction 
in the central nervous system of 12 human beings. Eight cases of polio- 
encephalomyelitis and four cases of acute epidemic encephalitis were studied 
The authors pointed out the favorable opportunity for determining the origi 
of perivascular infiltrations in inflammatory lesions in the central nervous; 
system: “There is a strong tendency’ for the inflammatory elements to be re+ 
stricted to the adventitial spaces for relatively long periods, undergoing various 
morphological changes.” 

Here, in an inflammatory site almost devoid of mesenchymal elements, the¢ 
compound granular corpuscles (macrophages) were found to arise largely fro 
lymphocytes and monocytes emigrated from the blood stream and, to some 
extent, from the mesenchymal glial elements as well. Because of the numer- 
ous lymphocyte-migration-pictures, in some cases, and their paucity in others, 
one of their conclusions was that such cells must be extravasated in showers} 

In 1928, Watson” studied phagocytosis in a case of histoplasmosis. Al 
though reticulum cells were the chief source of phagocytes in the lymph nodes} 
spleen, liver, adrenals, and lung; in the lymph nodes, liver, and lung, lympho} 
cytes also became phagocytic for the yeastlike invaders. 

In the decade 1915-1925, there was set forth the hypothesis by Mallory 
McJunkin, Foot, Herzog, and Marchand that simple endothelium, lining the 
common blood vessels, gave rise to the monocytes of the peripheral blood and} 
to those cells, they applied the name “endothelial leukocytes.” This grouy] 
also believed that macrophages or histiocytes corresponded to these samé 
“endothelial leukocytes.” As soon as the reticuloendothelial system had beer 
delineated by Aschoff,? Downey,5”: 56, 7, and Maximow,” the hypothesis 03} 
“endothelial leukocytes” as a source of macrophages was abruptly abandoned! 
for it became obvious that the littoral reticulum cells lining the blood or lymph 
spaces of the hematopoietic and sinusoidal organs were the only cells linings 
blood or lymph spaces which possessed true phagocytic and occasionally he» 
matopoietic powers. 

In the decade 1920-1930, there arose groups of investigators who empha 
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sized cell types other than lymphocytes and reticuloendothelial cells as the 
cellular origins of the macrophages. One of these was von Mollendorf, who 
claimed the fibroblast as the sole source of the phagocytes. He denied the 
hematogenous origin of all exudative cells, including neutrophilic leukocytes. 

Another group of investigators claimed the monocyte as the most important 
of _the hematogenous macrophage sources. The investigators who attached 
prior importance to the monocytes can be divided into two groups according to 
their interpretation of monocyte-macrophage relationships. Lewis’® and 
Carrel and Ebeling” held that the monocyte could enhance its phagocytic 
powers and transform into the macrophage. The other group has been called 
the “supravitalists’” because its members have classified living blood cells 
according to the way they react to neutral red and Janus green. Simpson” 
noted neutral red granule groups in the cytoplasm of the monocyte and believed 
they were characteristic of monocytes. In 1925, Sabin, Doan, and Cunning- 
ham’® distinguished two types of cells in the field of inflammation: a clasmato- 
cyte which they derived from the endothelium and a “monocyte” which de- 
veloped in the spleen and in “wide areas of the body” from a “primitive cell.” 
They explained that “the monocyte of the tissues arises like a blood cell and has 
to undergo a maturation before it becomes a typical adult type.” They also 
stated of the monocyte that “its remarkable power of cell division often makes 
it the predominating functional cell after it has time to mature.”’ 

In the same year, Cunningham, Sabin, Sugiyama, and Kindwall*® reported 
on the role of their “monocyte” in tuberculosis in rabbits. They concluded 
that successive waves of nonphagocytic reticular cells and epithelioid cells 
appeared and reappeared in tuberculosis. 

In 1926, Murray, Webb, and Swann*! reported on the appearance of a high 
monocytosis in the blood of many rabbits suffering from a disease from which 
they isolated the causative organism termed Bacterium monocytogenes (now 
Listeria monocytogenes). These workers performed six brief one-stage experi- 
ments on the white cell response in pleural exudates. They injected into the 
pleural cavities of successive normal rabbits: peptone broth, B. coli, and L. 
monocytogenes. At six hours, they observed in all a predominantly polymor- 
phonuclear leukocytic response. Next, they injected the same antigens into 
animals which were running high blood monocytoses due to systemic infection 
with L. monocytogenes. In these latter animals, the response to peptone broth 
and B. coli was as before, but local injection of L. monocytogenes elicited 30.4 
per cent of large mononuclears at six hours. Witts and Webb® (1927) utilized 
this organism in an attempt to establish the origin of monocytes. They con- 
cluded that monocytes arose in the spleen and bone marrow. 

Bloom® (1928) made an extensive study of the origin of the monocyte in 
animals suffering with this disease, using section, supravital, dry and wet 
smear techniques. He concluded that the monocytes arose through transfor- 
mation of lymphocytes occurring in areas of sluggish circulation, such as the 
sinusoids of the liver and sinuses of the spleen and bone marrow. 

In the same year, Bloom* studied focal necroses in rabbits which had been 
given large doses of a virulent strain of L. monocytogenes intravenously. These 
abscesses found in the liver, spleen, adrenals, and lymph nodes consisted 


. 
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largely of macrophages (his polyblasts) connected by a series of morphological | 
transitions with blood lymphocytes and monocytes at the edges of the absces- 
Bh ole in 1928, Bloom® made supravital studies of the blood cells, sub- 
cutaneous connective tissues, and mesenteric lymph nodes of the white rat and | 
found that lymphocytes, monocytes, and plasma cells all contained a “segration y 
apparatus” of neutral red vacuoles and that such a configuration could not be} 
used as a criterion in differentiating the agranular leukocytes. By an in- | 
genious method, he stained the lymphocytes of the subcutaneous tissues in-- 
travascularly with neutral red, and these cells, while still within the vessel | 
lumen, developed the segregation apparatus within their cytoplasm. 

In the same year, in tissue cultures of rabbit thoracic duct lymphocytes, | 
Bloom* traced the lymphocytes through a ‘‘monocyte” stage to the macro-- 
phage and then to the fibroblast. His supravital studies of such cells also if 
revealed a neutral red rosette in the small early lymphocytogenous macro-- 
phages. ; 

Maximow,*** too, utilized tissue cultures to study the leukocytes of the chick, , 
rabbit, guinea pig, and Macacus rhesus. He employed supravital stains, as} 
well as customary histologic techniques. To his tissue cultures, he at times; 
added inflammatory extracts, Lithium carmine, and neutral red. Withini 
four to eight hours, the lymphocytes had eccentric nuclei, increased cytoplasm, , 
and increased pericentriolar neutral red vacuoles. By 11 hours, the limits; 
between the lymphocytes and monocytes had been effaced and, just as ini 
inflammation, the lymphocytes had gradually hypertrophied to form elements | 
which could not be distinguished from monocytes. 

Caffier,*’ in the same year, observed lymphocytic transformation into mono- 
cytes at 12 hours, and later into histiocytes and epithelioid cells, in his cultures ; 
of normal human blood cells. Timofejewsky and Benewolenskaja® con--§ 
tinued their work on lymphocytic formation of macrophages, in 1928, reporting | 
on the introduction of tubercle bacilli, type BCG, into their cultures. They’ 
confirmed their earlier findings. 

Also in 1928, Lacassagne and Gricouroff*® exposed in vitro cultures of rabbit: 
blood leukocytes to the action of roentgen rays and radon. These cells were: 
observed at 2, 4, 5.5, 7, 12, 24, 29, and 53 hours on up to eight days. Whereas} 
beta rays rapidly destroyed the cells, gamma rays in proper dosage permitted | 
migration of lymphocytes and transformation of survivors into macrophages. . 

Michels and Globus,*® (1929) in their second series of investigations, de--§ 
scribed the transformation of lymphocytes and monocytes, migrated from the: 
blood stream, in the encephalon of cases of paresis, meningovascular syphilis, , 
and vascular syphilis, Mitoses among the emigrating lymphocytes were : 
frequently noted, one of the few references found describing this process in} 
vivo, in inflammation. 

Stieve*!: * (1929) studied the uteri of more than 100 women in all stages of ' 
pregnancy, during labor and the puerperium, as well as nonpregnant human if 
uteri. He observed the lymphocyte as it progressively transformed into the: 
histiocyte, then the macrophage and, ultimately, the fibroblast or smooth 
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muscle cell, both in the enlarging uterus of pregnancy with its physiological 
inflammatory process and in the early puerperium with its true local inflam. 
mation. In the early stages of pregnancy, he observed the migration of the 
lymphocyte, a readily available mobile source of the histiocyte, into the 
uterine tissue. This process dwindled at the fourth month of pregnancy, but 
was revived at the second day of the puerperium, when again a mobile source of 
hematogenous macrophages was sorely needed to bolster the local defences of a 
uterine wall so recently subjected to the birth trauma. 

In 1929, Higgins and Palmer® injected autogenous blood into the subserous 
spaces of the stomach and cecum of rabbits. They traced the development of 
blood monocytes and lymphocytes into histiocytic elements in the experimental 
hematomas so produced. In the same year, Kreyberg™ cultured exudate 
cells from a case of tuberculous pleurisy. Lymphocytes comprised 98.4 per 
cent of the agranular leukocytes; monocytes and macrophages the remainder. 
The lymphocytes rapidly transformed into macrophages, epithelioid cells, 
Langhans’ giant cells, and fibroblasts. Supravital and vital staining techniques 

confirmed the observations made from stained smears. In the same year, 
Timofejewsky and Benewolenskaja® cultured mature and immature lympho- 
cytes from five cases of lymphatic leukemia. Both mature and immature 
lymphocytes were seen to develop into macrophages, epithelioid cells, and 
giant cells. A year later, Silberberg®® confirmed the earlier work of Babkina.‘¢ 

In 1930, Sabin, Doan, and Forkner®’ studied the reaction of the connective 
_tissues of the rabbit to chemical fractions derived from tubercle bacilli. Their 
index of fractional activity was the stimulation of “monocytes” and their 
formation of epithelioid cells. 

In the same year, Cappell** made an extensive study of the cytology of the 
inflammatory exudate of the peritoneal cavity. He observed (p. 433): “By 
the end of six to nine hours the lymphocytic cells... exhibit commencing 
neutral red storage, coincidentally with an increase in the amount of cyto- 
plasm.” After 12 hours: ‘‘while many cells of the lymphocyte type are present 

the majority of the mononuclears exhibit nuclear indentation, a more abundant 
and basophilic cytoplasm and increased storage of neutral red, the granules 
being in some aggregated in rosette form, in others scattered throughout the 
cell. No clear distinction can be made by supravital staining between lympho- 
cytes, monocytes, and macrophages; while typical examples of each can readily 
be identified, the three types are connected by all intermediate stages and it is 
-clear that a progressive development is going on in the smaller vessels, by which 
they are rapidly acquiring the functional characters of young macrophages.” 
“Cappell also obtained corresponding results after the use of vital stains. 

In 1931, Ekola®? studied inflammation in the subcutaneous tissues of rabbits 
into which trypan blue, sodium ricinoleate, and diphtheria toxin had been 
previously introduced. At timed intervals, she was able to trace the origin 
of the macrophage from the blood lymphocyte, the tissue clasmatocyte, and 
the fibroblast. 

In 1932, Pierce! cultured human leukemic lymphocytes in vitro and ob- 
served that lymphoblasts produced monocytelike cells which, in turn, trans- 
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formed into polyblasts (macrophages). In 1935, Seki studied cells from the 
heart’s blood of various reptiles and amphibia stained vitally with trypan blue, 
and noted transitional forms between lymphocytes and monocytes. 

In 1936, Taliaferro and Cannon,!” in describing the cellular reaction in the 
spleen of Panamanian monkeys infected with malaria, stated that (p. 122): 
“The increase in macrophages can be easily explained on the basis of their 


transformation from lymphocytes and our evidence is overwhelmingly in favor | 
of such a conclusion.” As evidence, they described an intense lymphocyto- | 
poiesis: “the cells in the activated follicles, particularly in the transitional zone, | 


look as if they were developing into macrophages. After continued malarial 


stimulation, the sinuses of the red pulp also show every gradation from lympho- | 
cyte to monocyte, to monocyte with abnormal nuclear lobes, to macrophages, | 


and somewhat the same picture is seen within the splenic cords.” In 1937, 


Taliaferro and Mulligan,! studying malaria in Rhesus monkeys, noted that | 
the greatest number of new macrophages in spleen, bone marrow, liver, and 


adrenals arose from medium lymphocytes. 


In 1938, Hertzog™ incubated blood of human patients suffering from acute _ 


and chronic lymphatic leukemia, absolute and relative lymphocytoses, and 
infectious mononucleosis with nonvirulent Staphylococcus aureus and Strep- 


tococcus viridans. He demonstrated that lymphocytes, even in their “pre- 


phagocytic stage’? showed some phagocytic activity, and that phagocytosis was 
more marked in the leukocytoid lymphocytes of infectious mononucleosis with 
their larger cell bodies. His photomicrographs of this process stand as objec- 
tive evidence of this phase of lymphocytic function (his Figures 3 to 5). 

In 1939, Kolouch!™ introduced a radically new technique for demonstrating 


the lymphocytic origin of macrophages. After injection of egg white into the | 


subcutaneous tissues of rabbits, he made dry-fixed spreads of the inflamed 
connective tissues at timed intervals and stained his preparations in the manner 
of blood smears. This technique permitted accurate and detailed cytologic 
examination of the lymphocytes as they transformed into macrophages. Ko- 
louch pointed out that, even with his improved technique, inflammation must be 


studied within the first 14 hours or else the lymphocytic origin of the mono- — 


nuclear cells is largely obscured. 


In 1940, Taliaferro and Kliiver'®® made air-dried impressions of the liver, | 


spleen, and bone marrow of Panamanian monkeys with malaria. Intermediate 
stages between lymphocytes and monocytes and between monocytes and 
macrophages were increased. In the same year, Finlayson and Latta!” 
studied the early reaction of the leptomeninges of the rabbit to injections of 
trypan blue at timed intervals. They reported (p. 286): “...it was found 
that within 30 minutes there occurred in the pia mater a perivascular infiltra- 


tion of lymphocytes, which gradually became transformed into monocytes and | 


plasma cells. Such cells in turn increased in size; became more and more 


vacuolated; and segregated increasing quantities of dye, becoming typical 
macrophages.” 


Also, in the same year, Plimpton’ injected ventriculin subcutaneously into | 
guinea pigs and rabbits. Within three hours, she observed lymphocytes — 


hypertrophying into hematogenous macrophages (her polyblasts). 
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_ The works of Tompkins,!°*"~Concerning the role of large mononuclear 
leukocytes in inflammation, will be considered as a separate topic in this mono- 
graph. Her student, Gray" in the same year (1940) followed the hematog- 
enous origins of ‘‘monocytes” with differential supravital counts after injection 
of various synthetic triglycerides into the subcutaneous tissue of guinea pigs. 
The large majority of these cells hypertrophied and became macrophages. 

In 1942, Berman™ described a method for obtaining dry films from tissue 
cultures of rabbit lymph nodes. He found transformation of lymphocytes to 
macrophages marked after 31 hours. He stated: “Typical localized vacuola- 
tion seen in the lymphocytes of dry films is replaced by diffuse vacuolation at 
the time when both the directional polarity of the cell and the lymphocytic 
character of the nucleus are lost. This accompanies a change in the type and 
location of pseudopodia and represents the point of transition from a lympho- 
cyte to a polyblast of indifferent origin.” Berman was the first to emphasize 
that the lymphocyte, as it transformed into the macrophage, showed a pro- 
gression of transitional modes of locomotion and pseudopodial formation. 

Clark, Clark, and Rex" and Ebert, Sanders, and Florey"*® had made use of 
windows or chambers in rabbit ears to observe leukocytic functions. They 
were unable to observe the transformation of living lymphocytes into macro- 
phages. However, in 1942, Harper!” reported on fibrous wound healing as 
seen in transparent chambers inserted in the ears of rabbits. He studied the 
process of wound healing from a period shortly after the production of the 
wound until the formation of the completed scar. His pertinent conclusions 
were: “‘The formation of new cells and tissue back from the edges of the wounds 
by mitotic division and subsequent migration into the wound was not observed 
to occur in these studies. It was not possible to account for the fibroblasts or 
macrophages appearing in the healing area by mitotic division from pre-exist- 
ing cells in the wound area. A process of differentiation through which lymph- 
ocytes undergo progressive transformation into macrophages in the tissues 
at the wound edge was reported. This process was observed to correspond 
closely to the differentiation of lymphocytes which is reported to occur in tissue 
culture.” 

Frerichs"® (1943) studied the influence of a monocytosis within the blood 
stream produced by Listeria monocytogenes upon the character of the cellular 
exudate. He found a high percentage of polymorphonuclears at six hours in 
his controls, but, in his test animals, the ratio of polymorphonuclears to mono- 
cytes was usually 1 to 1. 

In the same year, Rey,” in studying the reactions of the hamster associated 
with natural immunity to Leishmania brasiliensis, noticed migration of lympho- 
cytes and monocytes and their transformation to hematogenous macrophages 
in the third and fourth hours, with peak activity in the 5th to 12th hours. 
Destruction of the invading organisms by the hematogenous macrophages 
occurred between the 13th and 24th hours. 

In 1944, Dougherty introduced the dry-fixed impression technique to 
the study of inflammatory reactions of the brain and cerebrospinal fluid. In 
addition, he employed vital and supravital staining, as well as ordinary section 
techniques. He observed that (p. 85): “... the first cells reacting to experi- 
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mental brain wounds... were lymphocytes which transformed to macro- 
phages.” ; 

In 1945, De Bruyn™ studied the locomotion of lymphocytes cultured from 1% 
the abdominal lymph nodes of rabbits and guinea pigs by means of motion | 
pictures. The lymphocyte presented two phases, a locomotion phase, in which } 
the activity of the cells was polarized, and a depolarized phase of activity. A) 
gradual hypertrophy of the lymphocytes took place while, concomitantly, the 
depolarized phase of the lymphocytes changed progressively into the motion of | 
macrophages which were continuously depolarized. 

In 1949, Campbell and Good™ studied the antigen-antibody mechanisms | 
in neurotropic virus diseases and observed lymphocytic transformation into 
intermediate polyblasts which, in turn, formed macrophages. 

In the same year, Townsend and Campbell”? utilized Kolouch’s' technique | 
in mice and rabbits to observe the effects of roentgen rays on the inflammatory 
cells of those animals. They reported (p. 1349): ‘“‘Within two hours after the 
initial infiltration began, some lymphocytes were acquiring an increased nuclear | 
and cytoplasmic volume which characterized early intermediate polyblast 
development. In the inflammatory site the evolution of the nuclei of the | 
lymphocyte to that of the intermediate polyblast and finally to the macrophage 
could be followed in detail.” 

In 1950, Good™ studied experimental allergic brain inflammation in rabbits, | 
utilizing egg white as the antigen. In nonallergic inflammation in the brain, 
he noted (p. 84): “Soon after their initial diapedesis the lymphocytes undergo 
changes in both their nuclear and cytoplasmic structure which eventually 
results in a transformation through the intermediate polyblast to large fat-— 
filled phagocytic macrophages of the inflammatory exudate.” In the sensi- 
tized rabbits, there was some delay of the lymphocytic diapedesis but similar 
structural and functional changes eventuated. 

In the same year, Dougherty and Schneebeli,!> also making use of Ko- 
louch’s'® technique, observed lymphocytic transformation into macrophages | 
in connective tissue spreads of the inflammatory tissue of the mouse. 

In summary, the transformation of monocytes and reticuloendothelial cells | 
and their counterparts in the connective tissues appears to have been well 
established in the literature dealing with inflammation. The transformation of | 
the lymphocyte to the macrophage has been reported to have been accom- 
plished by the following morphologic and functional changes: increase in 
nuclear size; breaking up of coarse nuclear chromatin masses into fine angular 
pieces; assumption of a nuclear chromatin pattern with chromatin-para- 
chromatin distinction; increase in parachromatin; increase in cytoplasm; 
increase in phagocytic ability for bacteria, cellular debris, and vital dyes; | 
Increase In cytocentric size; increase in number of cytoplasmic neutral red 
vacuoles with aggregation into a rosettelike apparatus; and increasing evidences 
of depolarization-locomotion. | 

It is the purpose of this investigation to report on a technical procedure | 
which has permitted evaluation of the relative importance of the role played | 
by lymphocytes and monocytes as macrophage producers in acute inflammation | 
in man. 
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The site chosen for our tests in man is either the volar surface of the forearm 
or the anterior surface of the thigh, although any other convenient region may 
be employed. The skin is shaved and cleansed with alcohol. Then, by means 
of a sterile scalpel or razor blade, the epithelium is scraped away from an area 
three or four millimeters in diameter. When the papillary layer of the corium 
is reached, fine bleeding points are in evidence. If the lesion is further deep- 
ened, bleeding increases, and another site had rather be chosen. A small 
amount of bleeding is to be desired as evidence that the corium has actually 
_ been reached. 
| The time at which the epithelium is removed denotes the time at which the 

experimental inflammation begins, because the trauma of the technique itself 
serves as an inflammatory stimulus. A solution or suspension of the desired 
nonlethal inflammatory agent is next applied to the denuded corium with 
a platinum loop. The lesion is then immediately covered with a sterile, chemi- 
cally clean, cover slip, which is surmounted, in turn, by a square of cardboard, 
cut slightly larger than the cover slip. The cardboard is covered by surgical 
adhesive tape measuring approximately two by four inches. The tape is so 
applied that its center overlies the lesion. If further tension is required, lever- 
age is obtained by placing a flat cork disc over the tape lying above the lesion 
and affixing the disc with a second and narrower piece of adhesive tape. We 
have employed 15 mm. square glass cover slips. 

For convenience in handling, a hundred or so kits are prepared at a time, 
each kit consisting of a cover slip and a corresponding cardboard square 
wrapped together in a paper wrapper. ‘These are sterilized in covered Petri 
dishes and can be removed individually as needed. 

The cells of the inflammatory exudate migrate to the undersurface of the 
cover slips, flattening themselves out as they do so. When this much has been 
accomplished (in 30 minutes to an hour, depending on the nature of the in- 
flammatory exudate), the cover slip is removed and rapidly air-dried. At the 
same time, another sterile cover slip is placed over the same lesion and the 
process is repeated as often as desired at timed intervals. In this way, a series 
of-permanent, fixed preparations of in vivo samplings of the cellular exudates of 
man have been obtained. 

The cover slips exhibit but a single layer of exudative cells on their under- 
surfaces. Having been rapidly air-dried, they are treated like a blood slide and 

‘stained with May-Griinwald-Giemsa or Wright-Giemsa stain, modified as 
follows: about four to six drops of May-Griinwald are put on the cover slip for 
one minute; the stain is then diluted with the same number of drops of Haden’s 
buffer solution, and the mixture is allowed to remain for two minutes; the 
mixture is then drained off and, without washing, six to eight drops of 1.5 
strength Giemsa stain (1.5 drops Giemsa stain to each 1.0 cc. of buffer) are 
added and allowed to remain six minutes. The cover slip is then washed 
rapidly in distilled water, blotted dry, and mounted in Clarite on a slide. 

In staining, the cover slips were either held in cover-slip holders or mounted 
on an ordinary glass slide by means of a drop of rubber cement. If the latter 
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method is employed, the entire slide can be covered with the staining solutions 
and correspondingly larger amounts of the reagents are employed. 

Our photomicrographs (FIGURES 1 to 13) are demonstrations of cells which 
have migrated to the undersurfaces of such preparations. Single lesions can 
thus be sampled for their cytologic content at short intervals throughout the 
first 48 hours of acute inflammation in man. ‘The preparations are permanent, 
and their improved cytological detail permits careful comparison with the cells 
seen in ordinary dry smears of the blood or bone marrow aspirates. 

Forty-two different lesions of this type were studied in healthy human volun- 


teers and they composed over 250 separate cover-slip preparations at 1.75, 2, | 


3, 3.75, 5, 6, 7,9, 10, 12, 14, 15, 16, 16.5, 18, 20, 21, 22, 23, 24, 28, 31, 40, and 


47.5 hours of inflammation. In addition to the trauma of the technique alone, | 


nonpyogenic antigens were employed (egg white, diptheria toxoid, triple ty- 


phoid vaccine, old tuberculin, and first-strength PPD), to which the human | 


subjects were not systemically immunized. 


That the participation of blood monocytes in local inflammation is in pro- | 
portion to their numbers in the blood has been demonstrated previously in | 


experimental animals by Murray, Webb, and Swann* and by Frerichs."% 
Study of functional and structural changes in monocytes in acute inflammation 


in man wasachieved by application of the technique described above to the study | 


of a patient suffering from monocytic leukemia, Naegeli type,"° a form of 


chronic granulocytic leukemia in which functionally maturated monocytes, | 


approximately 15 w in diameter, numbered more than 6,000 cells per cu. mm. 


(FIGURE 14). Prominent nuclear indentations “tagged” 85 per cent of these | 


monocytes. Our photomicrographs (FIGURES 15 to 18) depict cells which 


migrated to the undersurfaces of the preparations obtained at timed intervals | 


from a single lesion inoculated with egg white. 


Concomitant, high monocytoses, in the peripheral blood of rabbits, were | 
produced by experimental Listeria monocytogenes infection. Forty half-grown | 


male rabbits were used in this series. Thirty-five of these animals were used 
to establish the proper dosage and virulence of L. monocytogenes required to 


obtain the monocytic conversion of the nongranular leukocytes of the blood. | 
Five animals were used for the actual experiments on local inflammation. A | 


strain of high virulence, L. monocytogenes, American Type Culture, was em- 
ployed. Its morphology was that of strongly Gram positive, small straight 
or curved motile rods. This strain produced leukopenia and death in rabbits 
within 15 hours after a single administration of 0.1 cc. in 0.9 per cent sterile 
saline ( No. 1 nephelometer) from a 36 hour Difco-liver-veal agar slant growth. 
After four months’ passage on artificial media with monthly transplants on 
Difco-liver-veal agar, the virulence of this strain was reduced to levels at 
which 0.3 cc. to 0.8 cc. of our No. 1 nephelometer reading diluted in sterile 0.9 


per cent NaCl of a 36 hours’ growth on the same agar was then nonlethal when | 


given intravenously. At 60 to 100 hours, a peak monocytosis was thus pro- 
duced in the rabbit blood (r1curE 19), 


At the height of the above-described monocytoses, a local inflammation was | 
produced on the rabbit’s ear with appropriate modification of the technique | 


described above for man, as follows: a tongue depressor was fitted as a splint 
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into the hollow of the inner side“of the shaved ear and fixed in place by two 
strips of adhesive tape, one encircling the ear at its base and the other two 
centimeters from its tip. The outer ear of the rabbit then presented a smooth, 
flat bare area whose vascular supply was in no way impaired. ‘The lesion was 
produced and studied in the center of this area in the manner described above 
for the volar surface of the forearm of man. 

_ Our photomicrographs (FIGURES 20 to 27) are demonstrations of cells which 
have migrated to the undersurfaces of such preparations. Five rabbits, with 
varying normal and converted blood pictures, were tested as to their local 
inflammatory response to local L. monocytogenes alone, to the liver-veal agar, to 
avirulent Staphylococcus albus, and to the virulent strain of L. monocytogenes. 


Resulis 


A. Nonimmune acute inflammation in man. This group consisted of 42 
experimental lesions in which an antigen to which the human subjects were 
not systemically immunized was applied locally. Experiments H-8 and H-11 
are representative of this group and their protocols will be reported in detail. 

Experiment H-S. ‘The lesion was prepared in the skin of the forearm of O. E. 
as described above, and 0.05 cc. of 1:1000 tuberculin (O.T.) and 0.05 cc. of 1 
per cent solution of trypan blue were applied to the lesion. O. E. has had a 
consistently negative tuberculin test. Blood samples were taken from O. E. 
before the start of the experiment and were within normal values. In the next 
24 hours, seven consecutive cover-slip preparations were obtained from this 
single lesion. 

At three hours, neutrophilic leukocytes were present in great numbers. 
FicureE 1 is a photomicrograph of the 3-hour preparation from this lesion. 
The neutrophils were larger than normal, and appeared edematous. Their 
cytoplasm was colorless, and their specific granules were wide spaced. A few 
intracytoplasmic vacuoles were present. Moderate numbers of rounded-up 
portions of neutrophilic leukocytic cytoplasm had broken away from the leuko- 
cytic cell body. Such fragments were 6 to 8 yw in diameter. Their specific 
granules were the same as those found within intact neutrophils. A few eosino- 
phils were present, and a rare, free portion of eosinophilic cytoplasm was noted. 

A few lymphocytes were likewise present at this stage. Such a lymphocyte 
is depicted near the center of our FIGURE 1. This lymphocyte measures 11 X 
12 uw and is swollen like the neutrophils, although the latter in FIGURE 1 varied 
from 15 to as high as 20 pin diameter. The lymphocyte nucleus was composed 
of large, dark chromatin masses poorly demarcated from scant, colorless para- 
chromatin. The cytoplasm was sparse and consisted for the most part of 
basophilic spongioplasm. Three or four azurophil granules were present in 
one area of the cytoplasm. 

A few macrophages with round, oval, or irregular nuclei were also present. 
Their nuclei possessed a coarsely stippled or ringed chromatin pattern, each 
chromatin piece being angular and irregular, with frequent clumping of these 
pieces. The colorless or light blue parachromatin was separate from the pur- 
ple chromatin. Nucleoli, when seen, were sparse, irregular in outline, and 
basophilic. The cytoplasm was abundant with irregular outlines and con- 
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sisted, of a pale blue background containing mottled and vacuolated areas of 
almost colorless hyaloplasm. Some of the vacuoles contained particles of 
ingested trypan blue. These cells were the clasmatocytes or resting wandering 
cells of the connective tissue. 


At six hours, neutrophilic leukocytes were still the most numerous of the | 


cells. ‘They were smaller, now measuring only 10 to 11 » in their greater 
diameters. The cytoplasm, in many areas peripheral to their nuclear lobes, 
was scant or missing. Many more free cytoplasmic fragments were observed. 
A few neutrophils possessed cytoplasmic vacuoles and some had ingested 
trypan blue. 

About a third of the exudative cells were lymphoid in character. Many of 
these celis were small lymphocytes, such as those shown in FIGURE 2. They 
measured from 7 to 11 pin diameter. These cells were frequently fixed in ame- 
boid motion, and, as a result, the cellular outlines were irregular. Intense 
activity was exhibited by the cytoplasmic-nuclear interface of these small lym- 


phocytes. Thelymphocytic nucleus, which usually appears to beround insmears | 


of peripheral blood, possessed a more or less deeply grooved indentation near 
the cytocentrum of the cell body. The nuclear membrane exhibited, in addi- 


tion, irregularity of outline here and there along its entire extent. The cyto- _ 


plasm was deeply basophilic. Some of the small lymphocytes contained | 


ingested portions of the neutrophilic cytoplasm described above in their cell 
bodies. The neutrophilic granules, in such protoplasmic bits, were acidophilic. 
Clasmatocytes, too, were greatly increased in number, and frequently they 


exhibited kidney-shaped or horseshoe-shaped nuclear outlines bearing super- — 


ficial resemblance to monocytes of the circulating blood of man, although their 


cytoplasm contained no azurophilic dust. There were occasional vacuoles | 


and particles of ingested trypan blue, but ingestion of bits of neutrophilic 


cytoplasm was infrequent in contrast to such activity of the small lymphocytes. | 
At nine hours, neutrophilic leukocytes made up about 50 per cent of the cells | 
of the exudate. The neutrophils showed profound changes. Although a few | 


were large and edematous, the majority were shrunken. Their cytoplasm was 


scanty and some were miniatures, measuring only 7 » in diameter. Vacuola- | 


tion of cytoplasm was sometimes noted. The nuclear lobes had clumped. 
Often the chromatin stained darker than normally and the chromatin masses 
showed evidence of clumping. Free cytoplasmic portions of neutrophils were 
not much in evidence at this stage. 

The most striking change in the inflammatory picture, at nine hours, was an 
increase in the lymphocytes which could be found in this preparation. FIGURE 
3 depicts such a field. Many of the lymphocytes in this field had been fixed in 
ameboid motion. Asa result, they were wormlike in their elongated migratory 
pattern. Although the more elongated forms rarely measured more than 15 
in length, they were correspondingly narrower in breadth (7 »). An interesting 
additional feature of the nucleus, other than its irregularity of outline, was the 
breaking up of the coarse chromatin pieces ordinarily associated with the 
mature lymphocytic nucleus observed in the peripheral blood. Although 
numerous, coarse chromatin masses remained in the lymphocytic nuclei at 
this stage, the parachromatin had increased in amount and was distinct in 
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some nuclear areas. An examination of FIGURE 3 reveals that the cytoplasm 
is still scant, forming but a thin rim about the rounded or elongated nucleus. 
In the actual specimen, it was deeply basophilic, flaky and occasionally vacuo- 
lated. At times, it contained ingested trypan blue particles, as shown in one 
of the lymphocytes in FrGuRE 3. Another one of the lymphocytes in FIGURE 3 
presents a deep cleft in its nucleus. The small size of this cell and its scant, 
deeply basophilic cytoplasm characterize it as a lymphocyte. 

For ready comparison of such monocytoid lymphocytes with true mono- 
cytes of man as observed in his peripheral blood, in the inset of our FIGURE 4, 
we have depicted a monocyte from the peripheral blood of O. E. from a smear 
taken at the beginning of this experiment. The magnification is the same and 
the staining techniques were identical. This monocyte was a large cell measur- 
ing 16 X 18 y, yet it was smallamong monocytes. This larger size is an impor- 
tant distinguishing feature of the monocyte as opposed to the small phagocytic 
lymphocytes in these preparations. The large cytoplasmic-nuclear ratio of the 
blood monocyte is likewise apparent in the inset in FIGURE 4. The cytoplasm 
was a muddy-blue gray and contained fine, dustlike azurophil granules. The 
nucleus showed a large nuclear bay. The nuclear pattern was characterized 
by fairly coarse chromatin clumps and strands which, nevertheless, were well 
demarcated by distinct parachromatin. Cells with all the characteristics of 
the cell shown in FIGURE 4 (inset) were rarely observed it our cover-slip prep- 
arations taken from acute inflammatory lesions in subjects without increased 
monocytic populations in their peripheral bloods. FicureE 5 (inset) depicts 
another monocyte from the blood of O. E. for further comparative study of 
these cell types. 

At 12 hours, neutrophilic leukocytes comprised less than half the cells of the 
exudate. As depicted in FIGURE 5, the neutrophils are shrunken and their 
nuclei were pyknotic and clumped, and most of their cytoplasm peripheral to 
their nuclear lobes was missing. They measured only 6 to 8 yu in diameter 
with a few of these cell types relatively more intact. 

The lymphocytes of the type depicted in FIGURE 4, which is a photomicro- 
raph of this preparation, when rounded up as they are in this figure, measured 
only 10 to 12 win diameter. Their small size and lymphocytic characteristics 
were much more apparent and resembled the well-known characteristics of 
lymphocytes of the peripheral blood. They made up about 50 per cent of the 
cellular exudate at this stage. The nucleus of these lymphocytes, although 
not as yet enlarged, showed increasing irregularity of outline and breaking up 
of denser chromatin masses into finer and finer, distinct, angular pieces. This 
process more sharply delineated chinks of parachromatin (nuclear juice) which 
was apparently increased. The cytoplasm in two or three of the more central 
lymphocytes in FIGURE 4 was slightly increased in amount. This increase was 
orobably more apparent than real for, when viewed under the microscope, this 
cytoplasm was bulging with ingested particles of trypan blue, bits of neutro- 
philic cytoplasm, and other types of cellular debris. In other areas in this 
ield, lymphocytes with remnants of neutrophilic nuclear lobes in their cyto- 
slasm were found occasionally. 
 Clasmatocytes were as numerous as in the preceding stage but, due to the 


776 Annals New York Academy of Sciences 


great influx of lymphocytes evidenced at this period, they were, numerically, 
relatively less important. During the early stages of inflammation, they were 
quite prominent and an important early source of macrophages, but as the 
hematogenous defense elements continued to migrate into the area in increas- 
ingly large numbers, the activation of most of the available clasmatocytes 
already having been accomplished, such clasmatocytic activity was gradually 
overshadowed by the hematogenous elements. 

At 14 hours, pyknotic, degenerated remnants of neutrophilic leukocytes 
comprised less than one-fourth of the cells present. One such remnant is 
depicted on the border of FIGURE 5. Although a noticeable number of clasmat- 
ocytes persisted, the greatest number of cells present in this preparation were 
slightly hypertrophied lymphocytes like those depicted in FIGURE 5. Twelve 


lymphocytes are shown in this photomicrograph which, like the remaining | 


photomicrographs of this experiment, was taken at the same magnification as 


the preceding figures. Both nucleus and cytoplasm showed structural evidence | 


of increasing activity. Although four or five of the lymphocytes in this figure 
possessed typical lymphocytic nuclei with large, coarse chromatin massed, the 


remainder presented irregularity of nuclear outline and smaller, broken-up | 
chromatin particles. Cell diameters now ranged from 11 to as high as 13 4. | 


The cytoplasm was more abundant than in the preceding stage. Occasional 


large, clear, intracytoplasmic vacuoles made their appearance. The cyto- 


plasmic increase was due to parallel increases in both basophilic spongioplasm 


and colorless hyaloplasm. The basophilic material seemed to be arranged as | 
delicate network against a colorless background. The cytoplasmic outline © 


was indefinite; and numerous thin delicate processes protruded from its periph- 
ery. 

At 21 hours, there was evidence of a second migration of structurally intact 
neutrophilic leukocytes in moderate numbers. Although a number of the 
macrophages or histiocytes in this preparation still presented structural evi- 


dence of their iymphocytic origin as described above for the 14-hour stage, | 


the majority of these cells now resembled those of our FIGURE 6, a photomicro- 


graph of eight such macrophages from this preparation. These cells possessed | 
diameters of from 14 to 17 uw. There had been an increase in the size of both | 
nucleus and cytoplasm. The nucleus was round, oval, or slightly indented. | 


It was larger than in the preceding stage. The chromatin pieces were small, 
angular, and irregularly distributed. They left distinct, irregular, parachroma- 
tin spaces increased in extent, as though the nuclear juice, increased in quan- 
tity, had widened the chromatin interstices. The cytoplasm, too, was much 


more abundant than in the preceding stage, and this latest increase was due | 


largely toa rather diffuse increase in the colorless portion of the cell body. One 
of the cells in F1GURE 6 presented a nucleus with a deeper indentation than the 
others and thus superficially resembled the monocyte in FIGURE 4 (inset). 


Observation of this preparation at the 21-hour stage emphasized the need | 


for careful evaluation of the structural features of the mononuclear exudative | 


cells, in general, during the first 12 to 14 hours of acute inflammation. If the | 


inflammatory process had been observed for the first time, beginning with the | 


21-hour stage represented by r1curRE 6, there would have been little to indicate | 


Rebuck & Crowley: Leukocytic Functions in Vivo Ted 


the structural and functional modification undergone by the lymphocytes in 
the earlier hours of the process (shown in FIGURES 1 to 5). 

This experiment was concluded at the end of the first day. At 24 hours, 

the majority of the exudative cells were sessile macrophages with diameters 
up to 20 u as depicted in ricuRE 7. One of the better preserved neutrophils, 
mentioned in the preceding stage, is also shown. 
_ Experiment H-11. The lesion was prepared in the skin of the anterior thigh 
of J. R. as described above, and 0.05 cc. of diphtheria toxoid was applied to the 
local lesion. J. R. has had a consistently positive Schick test. In the next 40 
hours, seven consecutive cover-slip preparations were obtained from this single 
lesion. Blood samples taken from J. R. revealed that he ran a monocytosis 
for short periods of from 9 to 10 per cent; otherwise they were within normal 
values. 

At 2 hours, a rim of red blood corpuscles at the lesion’s edge was evidence of 
the previous trauma. Neutrophilic leukocytes were present in great numbers. 
They were edematous and measured up to 17 and 18 uw in diameter. A few 
clasmatocytes, eosinophils, and lymphocytes were likewise observed. The 
lymphocytic structure was identical with that of an ordinary medium-sized 
lymphocyte, as found in peripheral blood. 

At five hours, a scattering of red corpuscles remained. Neutrophils were 
the predominant cell type. They had regained their normal size, a few were 
phagocytic, while others had early pyknotic changes in their nuclear lobes. 
A few eosinophils were noted. The clasmatocytes were increased in numbers. 
In some areas, such cells were found frequently with horseshoe-shaped nuclei. 

The lymphocytes were also increased in numbers. FIGURE 8 depicts two 
medium-sized lymphocytes, one of which was fixed while in motion, amid a 
mass of neutrophils. 

At 12 hours, neutrophils still comprised nearly half of the exudate cells. 
Most of them were shrunken and had lost much of their cytoplasm peripheral 
to their nuclear lobes (FIGURE 9). The nuclear lobes themselves were fre- 
quently clumped and pyknotic. Lymphocytes were likewise numerous and 
many of them were phagocytic. Ficure 9 depicts ten such lymphocytes, 
demonstrating that even small lymphocytes, measuring only 8 to 10 u in diam- 
eter, were capable of marked phagocytic activity. One of the small lympho- 
cytes, in the center of the photomicrograph, has ingested a portion of neutro- 
philic cytoplasm almost as large as its nucleus, while another nearby has 
ingested a large portion of a pyknotic nuclear remnant. 

Ficure 10, also taken from this same preparation, illustrates the marked 
lymphocytic content of the cellular exudate at this stage. Seven of these 
lymphocytes were quite small. Four more showed slightly hypertrophied 
cytoplasm. The nuclear membranes were usually irregular. In many of the 
cells, it can be seen that the coarser chromatin masses have been divided into 
finer, angular chromatin pieces providing a distinct, more prominent para- 
chromatin. Reference to the monocytes depicted at the same magnification 
in the insets to FIGURES 4 and 5 or actual measurement of the lymphocytes in 
our photomicrographs with a centimeter scale will assure our readers that the 
sells which we have designated as lymphocytes, in these preparations, were 
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well under 14 u in diameter. Neutrophilic leukocytes, however, cannot be 
used for size orientation in such preparations at any time. Early in acute 
inflammation in man, they appeared to be edematous and enlarged. Soon 
afterwards, they diminished in size, gave up portions of their cytoplasm as 
broken off cytoplasmic fragments, and ultimately degenerated. In many of 
these preparations, some lymphocytes have become shrunken, were almost 
devoid of cytoplasm, and, at times, even possessed pyknotic nuclei. An 
occasional lymphocyte was thus unable to survive in the field of inflammation, 
even when the irritant was a relatively mild one such as we have employed. 

At 14 hours, the neutrophils presented the same features as described in the 
preceding stage. Several of them are depicted in FicuRE 11. Lymphocytes 
now comprised almost half of the exudate cells. F1cure 11 depicts 12 lympho- 
cytes, many of them slightly hypertrophied. There has been a slight increase | 
in the parachromatin of the nucleus, distinctly separating the angular, finer 
chromatin pieces. In addition, the cytoplasm was more abundant, due to a dif- 
fuse increase in colorless hyaloplasm, vacuoles, and ingested material. One of | 
the smallest lymphocytes, shown in FIGURE 11, which still possessed the typical | 
pachychromatic nuclear pattern, has ingested a red corpuscle. The cyto- - 
plasmic outline of several of the larger lymphocytes in FIGURE 11 presented | 
numerous blunted pseudopodia. An occasional lymphocyte (not depicted) | 
has ingested a large portion of neutrophilic cytoplasm. Clasmatocytes were : 
numerous, but there had been but little addition to their numbers since the } 
early stages. None of the cells of the inflammatory exudate observed in any of ° 
our preparations exhibited any evidence of mitotic activity or cellular division. | 

At 16.5 hours, the lymphocytes were so hypertrophied that they were no ) 
longer clearly distinguishable from histogenous macrophages which were also } 
present. Degenerating neutrophils comprised about a third of the cells at this 5 
stage. FicureE 12 depicts a representative field from this preparation. Two) 
of the exudative mononuclears were still obviously lymphocytes. The re- } 
mainder had increased amounts of cytoplasm and increased amounts of nu- - 
clear parachromatin, so that they were designated as lymphocytogenous } 
macrophages or simply macrophages. The chromatin pieces were fine and | 
angular and irregularly distributed, and there was chromatin-parachromatin : 
distinction. One of these macrophages had ingested a large nuclear remnant. , 
These larger cells had long diameters of from 15 to as high as 22 u or more. 
One of these cells on the border of the field has ingested a portion of neutro- 
philic cytoplasm. . 

At 28 hours, there was evidence that a second wave of neutrophils had | 
appeared in the field at some time after the preceding stage. Almost all the ; 
mononuclear cells were macrophages. A group of these is depicted in FIGURE } 
13: _ They are particularly phagocytic for bits of neutrophilic cytoplasm. | 
Their structure at this time afforded no clue to their lymphocytic origin as | 
depicted in ricuREs 8 to 12. Basophilic leukocytes were occasionally observed | 
with fairly intact structure at this time. ) 

At 40 hours, macrophages predominated. The remaining degenerated | 


neutrophils were being phagocytosed in toto. A single binucleate giant cell 
was found in this preparation. 
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The succeeding experiments of this group presented similar findings except 
‘or the cellular responses to the trauma resulting from the technique alone. In 
this latter group, the leukocytic cycles were of less intensity and more transient 
than when an antigenic stimulus was applied. Although there was an abun- 
dance of neutrophils, there was a less marked response of histogenous macro- 
phages and a minimal response of lymphocytogenous macrophages. Ap- 
parently, in the absence of antigenic stimulation, a mobile source of macro- 
phages was not needed to accomplish the simple removal and reparative 
functions required for the healing of the experimental lesion itself. 

_ B. Acute inflammation in man with concomitant monocytosis. The patient 
studied suffered from a form of chronic granulocytic leukemia (monocytic 
leukemia, Naegeli type)* in which, in addition to developing granulocytes, 
functionally maturated monocytes numbered more than 6,000 cells per cubic 
mm. (FIGURE 14). These monocytes were approximately 15 p in diameter 
and 85 per cent of them possessed prominent nuclear indentations which served 
to “‘tag”’ them in the field of inflammation. Serial preparations, stained like 
blood smears, were obtained, at timed intervals, from a single lesion inoculated 
with egg white. 

At four hours, monocytes were present in small numbers in the field of in- 
flammation, and were phagocytic and slightly hypertrophied (FIGURE 15). 
At seven hours, their numbers were increased (FIGURE 16). At times, their 
nuclei showed polymorphous changes with only thin strands connecting in- 
dividual lobes but amitotic division was not in evidence. At 12 hours, the 
monocytes were the predominant mononuclear cell. They were further hyper- 
trophied (FIGURE 17), and had ingested neutrophilic cytoplasmic fragments. 
At 12.75 hours, the numerous monocytes, approximately 18 yu in diameter, were 
identifiable as monocytogenous macrophages (FIGURE 18). 

Structural modifications accompanying transformation of blood monocytes 
(FIGURE 14) into monocytogenous macrophages (FIGURES 15 to 18) were: 
mcrease in cytoplasm, particularly hyaloplasm; gradual diminution of the 
uzurophilic granulation characteristic of the monocyte in man; and increase in 
quclear size, in parachromatin, and in distinctness of chromatin network with 
pronounced accentuation of the nuclear indentations. Hypertrophying mono- 
sytes, an important mobile source of macrophages in this patient with a marked 
nonocytosis in his peripheral blood, at key stages of transformation were, 
1our for hour, 6 u larger than comparable lymphocytes (cf. FIGURES 1 to 5 and 
ro 11). 

C. Acute inflammation in rabbits with concomitant monocytoses. Experiment 
40 is representative of this group, and its protocol will be presented in detail. 
3efore experimentation, the blood of this half-grown male rabbit was shown to 
6 normal. Next, 0.8 cc. of a 5cc. suspension of the growth of one plain agar 
nd one liver agar slant (24 hour) of a virulent strain of L. monocytogenes 
vas injected intravenously into this animal. The blood was checked 44 hours 
ater, and a sharply rising monocytosis was noted. At this time, the mono- 
ytes comprised 21 per cent of all the white blood cells and numbered 2,600 per 


u. mm. 
A denuded area of the ear was prepared as described above and was swabbed 
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with a 70-hour culture of the same virulent Listeria strain, suspended in sterile 
physiological saline. A successful attempt was made to obtain the peak blood 
monocytosis during the time of study of the local inflammation. 

At four hours, red cells were seen indicative of minute traumatic hemorrhage 
in the field. Many polymorphonuclears (rabbit heterophils) had already | 
started their migration. At seven hours, the inflammatory site showed large 
numbers of intact and ameboid heterophils. Some were vacuolated, others 
were losing their granules, and the cytoplasm of some was swollen. Lympho- 
cytes were not infrequent. They had accumulated more hyaloplasm and, in 
some cases, their nucleus was larger, while their chromatin pattern became a | 
little more distinct. A few lymphocytes were in process of hypertrophy, but | 
the majority still had the appearance of blood lymphocytes. A few macro- | 
phages were also observed. 

At eight hours, the blood was re-examined and the monocytes had now in- 
creased to 5,250 per cu. mm. An extremely low lymphocyte percentage (7 per | 
cent) should also be noted. At 9 hours, the heterophils of the exudate were 
swollen with cytoplasmic and nuclear vacuoles. The cells themselves were 
clumped and disintegrating. Some of their nuclei had lost their staining 
affinity. The lymphocytes, also present, showed an increase in hyaloplastic 
areas. The nucleus showed separation of chromatin from increased para- 
chromatin and the nuclear membrane appeared to be thinner. ‘‘Monocytoid” — 
cells and monocytes or their derivatives were lacking. 

At 12 hours, many of the numerous heterophils present were still intact, but 
others were clumped and in various stages of disintegration. Small lympho- 
cytes were present but they were hypertrophying. A few macrophages had — 
already developed. 

At 16 hours, the blood showed a peak monocytosis for this animal of 7,300 | 
monocytes per cu. mm. (FIGURE 19). In the lesion itself, ordinary small | 
lymphocytes had hypertrophied still further. Small early macrophages and | 
larger macrophages were showing signs of phagocytic activity. Very few cells 
with slightly indented nuclei (‘“‘monocytoid”’ cells) were seen. 


| 
| 
| 


At 22 hours, the heterophils were in clumps, some had disintegrated, while | 


groups of others had been invaded by the large lymphocytogenous macrophages 


with their customary, round, oval, or slightly irregularly shaped nuclei. A _ 


small number of the lymphocytogenous macrophages were ‘“monocytoid”’; 
that is, they had slightly indented nuclei. At this time, the first few monocytes 
(FIGURE 20) made their appearance at the site of inflammation. Note that 
the chromatin masses already showed a slight tendency to splitting and that 
vacuoles were beginning to form in the cytoplasm. 

At 26 hours, more monocytes had taken their place alongside the lympho- 
cytogenous cells. The heterophils had all but disintegrated. Great numbers 
were amorphous, poorly stained clumps. Many had been ingested by the 


numerous lymphocytogenous macrophages. Lymphocytes were still found in | 


small numbers. By the time the monocytes had reached the under surface of 
the cover slip, their nuclear pattern had undergone a slight breaking up of its 


clumps and strings of chromatin into small, irregular, angular pieces. A | 


concomitant increase of parachromatin in the monocytes tended to distend the 
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wucleus, so that eventually a fine nuclear pattern with sharp chromatin-para- 
shromatin distinction was reached which resembled the pattern of the lympho- 
sytogenous macrophage or reticuloendothelial cells nucleus. The monocytic 
qucleus retained its characteristic horseshoe shape and, as the parachromatin 
yf the nucleus continued to increase, the large nuclear bay was even accen- 
uated. This facilitated the identification of these cells. 

At 31.5 hours, the monocytes had increased in number. They, along with 
he lymphocytogenous macrophages, were beginning to take on the charac- 
eristics of large macrophages. ‘The chromatin of the monocytes was splitting 
ip from the coarser arrangement seen in the blood, the parachromatin was 
listinct. and on the increase, and the amount of cytoplasm had increased, 
especially the hyaloplastic and vacuolar portions. FIGURE 21 shows three such 
monocytes whose nuclei are still greatly indented. Two macrophages of 
either lymphocytogenous or histiocytic origin are also shown in FIGURE 21 to 
uid in the comparison of the two-cell types. 

At 41 hours, the heterophils were of interest only in showing further disinte- 
station, disappearance, or phagocytosis by the macrophages. Lymphocytog- 
enous and histogenous macrophages were present and were large and active. 
Often they had banded together to form giant cells in which the nuclei were all 
oval, round, or slightly irregular in shape, just as Maximow® had described 
them in 1902. In addition, there were many monocytes present hypertrophy- 
ing into monocytogenous macrophages, and this hypertrophy tended to domi- 
nate the picture. F1GURE 22 showsa monocyte from the lesion at this time and 
two monocytogenous macrophages. Their nuclei are characteristically deeply 
indented. The small cells in the figure were disintegrating heterophils. These 
monocytogenous macrophages comprised an important portion of the macro- 
phage cell group. Blood studies taken at these later stages showed a continual 
fall in both absolute and relative monocyte counts. 

At the same time, another phase had begun in which the large histogenous 
and lymphocytogenous macrophages, arranged in groups, had settled down 
after “digesting” their phagocytosed particles. Long processes extended from 
their cytoplasm and their cell outlines had a stellate appearance. Their 
vacuoles were small, sharply outlined, and regular in size and distribution. 
The remainder of their cytoplasm was more basophilic and homogeneous. At 
the same time, the chromatin pattern of their nucleus had become more finely 
reticulated. In 1902, Maximow® had described such a phenomenon in the 
process of scar tissue formation 7 vivo, and later he made a similar observation 
in his tissue culture experiments (1928). 

“At 46 hours, entire groups of monocytogenous macrophages were assembled 
with the nonmonocytic forms. F1curE 23 shows four such monocytogenous 
macrophages. With their increased phagocytic activity they had attained 
huge proportions. ‘Their finely stippled chromatin pattern was similar to that 
of ordinary macrophages, but, in each case, the horseshoe-shaped indentation 
of the nucleus has remained a constant and even accentuated feature. A non- 
monocytic macrophage is shown for comparison in FIGURE 23. 

At this stage, the monocytogenous macrophages exhibited two further 
potentialities: they banded together with similar cells to form purely mono- 
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cytogenous giant cells and with nonmonocytic macrophages to form hybri 
giant cells. , 

At 57 hours, the phagocytic giant cells were present in three forms amon 
the numerous monocytogenous macrophages. They were of the ordinar 
lymphocytogenous or histogenous type, all of the nuclei being round or oval: 
or they were made up of purely monocytogenous macrophages with all the 
nuclei deeply indented; or they were hybrid and represented the fusion of 
histogenous or lymphocytogenous components with monocytogenous com- 
ponents. FricurE 24 represents such a hybrid giant cell found at this time. 
The one monocytogenous component, with its indented nucleus, stands outi | 
from the three nonmonocytic components also making up the cell. i | 

At 70 hours, the macrophages and their derivatives dominated the picture,; 
As a large portion of these cells were monocytic in origin, our remaining de- 
scriptions will be confined to the part they played. In addition to many purely: 
monocytogenous macrophages which were present in large clumps, purel 
monoctyogenous giant cells or hybrid giant cells (FIGURE 25) were seen. Fro 
this field, the figure portrays a typical phagocytic hybrid giant cell with one: 
monocytogenous and one nonmonocytic component. Such cells add, by the 
distinction of their nuclei, to the concept that fusion of macrophages is, at) 
least, one important method of giant cell formation. 

The monocytogenous macrophages exhibited still further potentialities: 
through formation of monocytogenous clasmatocytes (FIGURE 26) with elon- 
gated sessile processes and very fine chromatin nuclear pattern, the nucleus 
still retaining its large indentation. They even approached the fibroblast} 
stage depicted in FIGURE 27 with its outstretched stellate processes, fine and 
regular vacuolization, and characteristic nuclear indentation. This cell re- 
presents a transitional stage between a monocytogenous clasmatocyte and a 
fibroblast. 

At 98 hours, the cytology was such that both lymphocytogenous and histog- 
enous macrophages could still be distinguished from the monocytogenous 
forms. The giant cells were present in the three forms found in this lesion.) 

Control lesions testing the inflammatory response to the liver-veal agar, 
avirulent Staphylococcus albus, and, to local but not systemic administration of! 
L. monocytogenes revealed lymphocytogenous and histogenous formation of 
macrophages as described by Kolouch,!® but a relatively sparse monocytic? 
origin. In this respect our riGuRES 20 to 27 should be compared with Ko-- 
louch’s figures 3 to 6 depicting comparable control lymphocytogenous forma- - 


tion of macrophages in acute inflammation in the subcutaneous connective } 
tissues of the rabbit. 


Discussion 


The transformation of the lymphocytes of man into macrophages proceeds } 
in an orderly fashion in the simple cycle of acute inflammation. When the?! 
exciting antigen is one to which the human subject is not systemically im-} 
munized, migration of the lymphocytes and early transformational changes 5 
reach their peak between 12 and 14 hours. At this same stage, the lympho- - 
cytes and their hypertrophied forms are usually numerically in excess of ; 


Rebuck & Crowley: Leukocytic Functions in Vivo 783 


the exudative neutrophils for thé first time in the cycle. This transforma- 
tion of lymphocytes into macrophages involves modifications of a func- 
tional and structural nature in both lymphocyte nucleus and cytoplasm. 
These modifications are usually so advanced by the 14th to 16th hour of in- 
flammation that the lymphocytic origin of the macrophages is largely obscured 
at any later stage in the dynamic process. 

In our present report, by means of an original technical procedure, the 
cellular exudate of single lesions in man has been sampled hour by hour. In 
a large series of experiments, cover-slip preparations, dried and stained like 
blood smears, were obtained which allowed detailed comparison of the cells 
obtained in acutely inflamed tissues of man with the cells of blood smears. 
In this same series, we have noted mean structure and function of large numbers 
of lymphocytes of single lesions concurrent with the chronological progression 
of inflammation. In a simple nonimmune cycle, in from two to nine hours, the 
lymphocytes were present as lymphocytes, but in ever-increasing numbers. 
In from 9 to 14 hours, the great mass of lymphocytes presented cytoplasmic and 
nuclear hypertrophy. In from 14 to 18 hours, lymphocytogenous macrophages 
dominated the field. There was no need to resort to the study of intermediate 
forms or transitional stages within the cells of a single sampling. It was the 
mass of lymphocytes that changed progressively hour by hour. It was the 
structural and functional condition of the majority of the lymphocytes in each 
preparation, during each stage of inflammation, that most concerned us. This 
description can be substantiated by a review of FicuRES 1 to 13, which present 
liberal portions of the cellular exudates of single lesions in consecutive stages. 

The majority of the lymphocytes studied in each stage progressively changed 
in structure and function until a stage was reached at which the majority of the 
mononuclear cells were no longer lymphocytes as such, but were larger phago- 
cytic forms. It is also true that, in most preparations, there were some lympho- 
cytes which lagged behind the majority and remained unaltered. The con- 
trasting possibility cannot be excluded that some lymphocytes may be capable 
of precocious transformation and of anticipating their more slowly changing 
but preponderant fellow lymphocytes. To demonstrate the lymphocytic 
origin of the macrophages i vivo then, attention has been directed to gradual 
alterations in the majority of the lymphocytes in each lesion. Little mention 
has been made, therefore, of the occasional lymphocytes which were out of 
phase with the functional conditions of the greater number of their fellow 
exudative cells. 

Of fundamental importance is the problem of relating physical and chemical 
alterations in the lymphocyte nucleus and cytoplasm to their structural and 
functional modifications as the transformation into the macrophage proceeds. 
Furthermore, any understanding of alterations within the cell presupposes a 
clear knowledge of the functional relationship of the lymphocyte to the chang- 
ing conditions of its environment. 

One of the first structural modifications which the lymphocytic nucleus 
undergoes, as it transforms into a macrophage nucleus, is a change in the size 
and distribution of its chromatin. The lymphocyte, as it reaches the field of 
inflammation, usually possesses a nucleus which is pachychromatic; the chro- 
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matin pieces are coarse and large; the parachromatin or nuclear-juice content 
of the nucleus is scanty. Furthermore, the parachromatin, which is colorless 
in Romanowsky stains, is poorly delimited from the chromatin masses whose 
borders blend imperceptibly with the parachromatin. Within 9 to 12 hours, 
and often before this period, the large chromatin pieces which stain deeply 
basophilic are observed to be divided into smaller and smaller, irregular, angular 
pieces. At first, this process is accomplished with only a relative increase 
in parachromatin but, as the process of chromatin subdivision proceeds, there 


is an actual increase in the colorless parachromatin. At the same time, the 


smaller, angular chromatin pieces begin to form an irregular but definite chro- | 


matin network, and the parachromatin becomes more and more distinct from | 
this chromatin framework. This nuclear change may precede or accompany | 


cytoplasmic modifications. 
The next nuclear modification which may be noted is increasing irregularity 


of the shape or outline of the nucleus. Even the lymphocytes of the blood, | 


when observed in wet smears, possess a nuclear indentation.’ In the field of 


inflammation, this lymphocytic indentation is usually noticeable as the cleft | 


becomes deeper in the outstretched cell. Changes in the nuclear membrane | 


are not confined to the region of the widening indentation. Other areas of | 


nuclear membrane, at some distance from the indentation, show definite undu- 


lation suggestive of increased activity at the nuclear-cytoplasmic interface. If | 
vacuoles or ingested substances are in contact with the nuclear membrane, | 
they are able to indent the nucleus at the point of contact, suggesting again an 
increased fluidity of the nucleus. By the 14th hour, the nucleus of the lympho- | 
cyte has increased in size. This increase is apparently due to the increased | 
amounts of nuclear juice or parachromatin, which latter becomes increasingly | 


distinct (FIGURE 11). 
Little is known concerning the functional changes in the lymphocytic nucleus. 


A beginning in this direction, has been made by Thorell,!8 who, in studying | 
metabolism in the lymphocytes, found that the intracellular nucleic acid me- | 


tabolism of large lymphocytes indicated a high intensity of growth. 


Lymphocytic cytoplasm undergoes more apparent structural and functional | 
changes. The most remarkable and earliest of these changes in lymphocytic | 
- cytoplasm is the assumption of the phagocytic function (cf. FIGURES 4 and 9). | 
This ability is possessed by lymphocytes within the blood stream, but is usually | 
a latent one. Downey®®: ** demonstrated that lymphocytes within the blood | 


itself possessed the ability of phagocytosing vital dyes if the dyes were made 


available to these cells by the simple expedient of double ligature of a vessel, | 
followed by study of the lymphocytes in the interposed segment. Included | 
in these phagocytic powers, then, is the ability to ingest vital dyes (cf. experi- 


ment H-8). 


Equally rapid in its assumption by the lymphocyte, in the area of inflamma- ) 


tion, is the ability to form a rosette of numerous neutral red vacuoles in the 


cytoplasm of the nuclear bay. This property of the lymphocytes has been | 
demonstrated by Maximow,** Bloom,§* Hall,!2°- 180 and Cappell.*8 Interest- | 


ingly enough, the lymphocytes also become peroxidase positive! and Nadi | 


positive! after a short sojourn in the field of inflammation. 
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The cytoplasm gradually increases in size until the large cell-body size of 
the macrophage is attained. In this connection, it is pertinent to recall Lang’s 
studies of aseptic inflammation in the subcutaneous tissue of rabbits. Lang” 
ybserved that this hypertrophy of the emigrating lymphocytes began while 
they were still within the capillary lumen. He had previously injected India 
mk intravenously into his animals. He observed that the hypertrophied 
cytoplasm of lymphocytes in the stagnant blood of the vessels of the inflam- 
matory site began to ingest small particles of India ink. Probably, many of 
the early functional and structural modifications of the lymphocyte, as it grows 
into a macrophage, have already begun, or are capable of beginning, within the 
capillary lumen at the inflammatory site. The increase in lymphocytic cyto- 
plasm is probably due, fundamentally, to a gradual increase in hyaloplasm as 
described by Kolouch,!® although occasionally an equal increase in basophilic 
spongioplasm is also noted. Jones'** has furnished evidence that the hyalo- 
plastic portion of blood-cell cytoplasm represents mitochondria. The cyto- 
plasm of the lymphocytes undergoes further enlargement, of course, through 
phagocytosis of protein antigens, red blood corpuscles, and fragments of free 
neutrophilic cytoplasm. 

The observation of ingestion of cytoplasmic fragments of neutrophilic 
leukocytes was made possible by the clarity of the cellular details reached by a 
technique which permitted study of the tissue exudate, dried and stained like a 
blood smear. This relationship between hypertrophying lymphocyte and 
shedding neutrophilic cytoplasm may afford amino acid residues, lipids, car- 
bohydrates, and other building stones needed by the lymphocytic cell-body in 
its rapid and relatively great cytoplasmic structural reorientation and growth, 
preparatory to the assumption of its macrophage function. The changes in 
the submicroscopic particulates, mitochondria, micellae and Golgi net, as the 
lymphocyte transforms into the macrophage await further studies with the 
phase and electron microscope. Changes in lipids and carbohydrate content 
await the application of methods as utilized by Gomori" and Wislocki and 
Dempsey.” 

With reference to cytoplasmic organelles, it is interesting to recall Wall- 
gren’s*® observations on the growth of the cytocentrum as the lymphocytes 
transformed into macrophages. His Fig. 1, b, d, g, h, Taf. XIII, depict the 
customary two centrioles in the cytoplasmic bay of the lymphocyte. As the 
lymphocyte hypertrophied, at first three centrioles, later six or seven, were 
present in the same area; finally, as the macrophage stage was attained, 12 
or so centriolar bodies were present. Concurrently, astral rays were elaborated 
and ran centrifugally from the aggregated centrioles. 

Early opposition to Metchnikoff’s concept of the lymphocytic origin of the 
macrophage was based on the mistaken view that lymphocytes were not motile 
and therefore were incapable of migration. Later, differences in modes of 
locomotion were seized upon to differentiate lymphocytes from other cellular 
sources of macrophages. However, Berman! had observed a gradual transi- 
tion from lymphocytic to macrophage pseudopodial activity, but in fixed prep- 
arations. De Bruyn! made motion picture studies of lymphocytes as they 
hypertrophied toward the macrophage stage. Their mode of locomotion 
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gradually changed from the polarized ‘“hand-mirror’”’ method to that of con 
tinuous depolarization, characteristic of the monocyte. 

As observed by the early critics of Metchnikoff and more recently by the 
Clarks," Hall and Furth,!¢ and by Florey and his group," some lymphocytes 
in the field of inflammation or in tissue culture may either fail to hypertrophy 
or to become phagocytic, and retain their coarse, clumped, nuclear pattern or 
even ultimately degenerate in situ. Again, in areas of chronic inflammation, 
sessile lymphocytes are a common finding. Metchnikoff™ gave the first of 
several explanations for such findings. He held that there is a constant strug- 
gle in the field of inflammation between the migrated lymphocytes and the 
admittedly deleterious environment of the inflammatory lesion, and it is to be 
expected that some of the lymphocytes will succumb. The works of Dougherty 
and White!” 8 and Harris, Harris, and Farber'**: 4° and Wesslen™! afford 
another explanation for the presence of sessile lymphocytes. Inasmuch as 
lymphocytes have been demonstrated to be a source of antibodies, local aggre- 
gates in areas of inflammation may be functioning in the direction of antibody 
production rather than macrophage transformation. Ehrich and his group, 
furthermore, have suggested a trophocytic function for the apparently inactive | 
lymphocytes. | 

In summary, transformation of the lymphocyte into the lymphocytogenous | 
macrophage in acute inflammation is accompanied by the following structural } 
and functional modifications: increase in phagocytic ability for cellular debris, , 
bacteria, and vital dyes; increase in nuclear size; division of coarse chromatin \ 
masses into fine, angular pieces; increase in parachromatin; increase in chroma- - 
tin-parachromatin definition; increase in cell-body size; enlargement of cyto- | 
centrum; increase in centrioles; appearance of astral rays; increase in number of | 
neutral red vacuoles with aggregation into a rosettelike apparatus about the} 
cytocentrum; assumption of positive peroxidase!*! and Nadi reactions;!®? and | 
increasing evidences of depolarization locomotion. 

The importance of the role of the monocyte in acute inflammation appears } 
to be proportional to the number of monocytes available for emigration or | 
mobilization at the time of the inflammation. The morphology of the hyper- } 
trophied lymphocytes in F1GURES 2 to 5 and 8 to 11 bears little or no resem- - 
blance to that of the monocytes in the insets of the photomicrographs of FIG- 
URES 4 and 5, or in the series represented by FicuRES 14 through 27. 

The experiments of Murray, Webb, and Swann, Bloom,* Frerichs,"8 and | 
those of our third series, described above, upon local inflammation in animals | 
with high blood monocytoses were in agreement, in that only in such animals 
did the migration of monocytes to the inflammatory site occur in appreciable | 
numbers. If the blood of the animals studied contained only the meager, | 
normal numbers of monocytes, then few were available for migration into the | 
local area of inflammation. If the blood of the animals studied contained | 
several thousands of monocytes per cu. mm., then monocytes migrated in ever- 
increasing numbers into the inflammatory sites. In addition, our utilization 
of air-dried preparations of the exudative cells of lesions in experimental animals 
with concurrent high blood monocytoses permitted direct comparson of migrat- 
ing monocytes with those of blood smears, The large monocyte of Pappen- 
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1eim and Ferrata, with its indented nucleus, functioned quite like the lympho- 
cyte in the event of migration into the site of inflammation. However, 
nonocytes remained structurally distinct from the lymphocytes and retained 
heir horseshoe-shaped nucleus as they progressively transformed into mono- 
>ytogenous macrophages, monocytogenous giant cells, monocytogenous clasmat- 
ycytes and, finally, monocytogenous fibroblasts (FIGURES 19 to 27). 

Proponents of a more intensive monocytic origin of macrophages, in general, 
submit that the admittedly small number of monocytes available for migration 
or mobilization at inflammatory sites is offset by the large number of mitoses 
umong the monocytes. In our entire series of preparations from lesions in 
quman volunteers, mitoses have been absent in the hematogenous exudative 
cells, lymphocytes as well as monocytes. 

Structural modifications accompanying transformation of blood monocytes 
irom a patient suffering from an intense but maturated, leukemic monocytosis 
nto monocytogenous macrophages were: gradual loss of the azurophilic granu- 
ation characteristic of the monocyte in man; increase in cytoplasm, particularly 
ayaloplasm; increase in nuclear size, in parachromatin, and in distinctness of 
the chromatin network with a striking accentuation of the nuclear indentations 
(FIGURES 14 to 18). 

The role of clasmatocytes, resting-wandering cells or histogenous macro- 
phages, in local inflammation has been established by the schools of Maximow, 
Downey, Sabin, Doan, and Tompkins. Our study of responses of these cells 
in acute inflammation in man adds little that is new to the accepted concepts 
of clasmatocyte function. They were readily phagocytic in the earliest stages 
of acute inflammation and were the earliest source of the macrophage but, 
because of their limited numbers, their inability to migrate great distances, 
and their limited powers of cell division, they were of necessity reinforced either 
by the more mobile monocytes (when available) and/or the more numerous 
lymphocytes in most lesions. 

The intact organism, in a few strategically situated locations along the lymph 
and blood streams, masses great numbers of histogenous macrophages in order 
to ingest foreign antigens which make their way into the lymph and blood 
stream. These potential histogenous macrophages are the reticuloendothelial 
cells, and the aggregates which they form are the spleen, lymph nodes, lympho- 
cytic tissues, and bone marrow, as well as the sinusoids of several of the endo- 
crine glands. The events of inflammation in reticuloendothelial tissues with 
such massed, readily available histogenous macrophages, are quite different 
from those in other regions of the body. In such reticuloendothelial organs, 
the histogenous macrophages, of course, dominate the inflammatory field and 
hematogenous elements usually play only a secondary role. 

The great, mesothelial-lined cavities of the body lie midway in the scale of 
relative histogenous-hematogenous macrophage participation, in the event of 
‘nflammation. In the exudative responses in these cavities, both sources of 
macrophages are of almost equal importance. 

It is well to point out that most regions of the body contain relatively fewer 
histogenous macrophages. In the central nervous system, they are called 
“microglia’’; in the interstitial connective tissue of the myocardium, “Anitsck- 
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hows’s myocytes”; in the lung, “septal cells”; in the general connective tissues, 
“clasmatocytes” or “histiocytes,” rarely “adventitial cells.” Once the inten- 
sity of an inflammatory stimulus exceeds the strength of the normal wear and 
tear process, neutrophilic leukocytes, lymphocytes and/or monocytes migrate 
from the vessels reinforcing the histogenous macrophages. is 

Metchnikoff discovered the phagocytic powers of the neutrophilic leukocytes, 
and Opie!4: 14°, 4 did much to help in our understanding of their enzymatic 
activity. Our own preparations, obtained in acute inflammation in man and 
described above, have demonstrated an additional, subsidiary function of 
neutrophilic leukocytes. Prior to shrinkage and degeneration in the area of 
inflammation, they lost much of their granule-containing cytoplasm in the 
form of small fragments, which for a time were free in the inflammatory fluids. 
These free portions of neutrophilic cytoplasm were readily ingested by lympho- 
cytes as well as histogenous macrophages. In the process of transformation 
from lymphocyte to macrophage, these ingested fragments may be of service 
in the elaboration and reorientation of the scant lymphocytic cytoplasm into 
the abundant cytoplasm of the macrophage. tt 

In our preparations, the polymorphonuclear basophilic leukocytes of the | 
blood appeared late in inflammation, but were structurally intact. Their 
migration into the field of acute inflammation in man is thus established, but 
further study of their function in such areas awaits the clinical occurrence of | 
high blood basophilias. 

Finally, because important functions of normal leukocytes are exerted in the | 
tissues, application of technical procedures described above to the study of | 
cellular responses in patients affords an additional method for detecting ab- — 
normal or distorted leukocytic functions.!47> !48, 149 


Summary 


By means of an original technical procedure, the cellular exudate of single | 
lesions in man has been sampled hour by hour. In 42 lesions, cover-slip | 
preparations, dried and stained like blood smears, were obtained which allowed | 
detailed comparison of the exudative leukocytes obtained from the acutely | 
inflamed tissues of man with the leukocytes of blood smears. A modification 
of this technique permitted similar observations of leukocytic functions in the 
rabbit. . 

When the exciting antigen was one to which the human subject was not 
systemically immunized, transformation of the lymphocytes of man into macro- 
phages was accompanied by the following functional and structural changes in | 
lymphocytes as such: increase in cytoplasmic size, increase in phagocytic | 
ability for cellular debris and vital dyes; assumption of a positive peroxidase | 
reaction; assumption of a positive Nadi reaction; increase in division of coarse 
chromatin masses into fine angular pieces; increase in nuclear juice or para- | 
chromatin; increase in irregularity of nuclear membrane; and increase in 
chromatin-parachromatin definition. 

The participation of blood monocytes in local inflammation was in propor- | 
tion to the number of monocytes available for emigration or mobilization at the 
time of inflammation, In man, the role of monocytes in acute inflammation | 
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ras followed by the technique described in a patient with monocytic leukemia, 
Jaegeli type, in which functionally mature monocytes in the blood outnum- 
ered the lymphocytes. Structural modifications accompanying transforma- 
ion of blood monocytes tagged with prominent nuclear indentations were: 
n increasingly prominent accentuation of the nuclear indentation; gradual 
ass of characteristic dustlike azurophilic granulation; increase in cytoplasm; 
nerease in nuclear size, in parachromatin, and in parachromatin-chromatin 
listinctness. The monocytes hypertrophied as an important mobile source of 
he macrophages in the subject, with a concomitant monocytosis in his periph- 
ral blood, and key stages of inflammation were, hour for hour, six » larger 
han comparable lymphocytes and their hypertrophied forms. 

In rabbits with high blood monocytoses brought about by systemic L. 
nonocytogenes infections, a slight modification of the technique employed in man 
yermitted study of the large monocytes with their indented nuclei at the site 
f inflammation. Such monocytes, present in great numbers, remained struc- 
urally distinct from the lymphocytes and their hypertrophied forms in con- 
rols, and progressively transformed into monocytogenous macrophages, 
nonocytogenous giant cells, monocytogenous clasmatocytes, and monocytog- 
nous fibroblasts. 

Neutrophilic leukocytes of man migrated at an early stage into the lesions 
ind, after performing their functions of phagocytosis and enzyme elaboration, 
brank and degenerated. Before degeneration, they lost their granule-con- 
aining cytoplasm to the exudate in the form of small fragments which, for a 
ime, were free in the inflammatory fluids, but which were ultimately ingested 
yy the lymphocytes and hypertrophied lymphocytes as well as by the histog- 
nous macrophages. 

The literature of leukocytic participation in the inflammatory response was 
eviewed. 
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PLATE 1 


Ficure 1. A lymphocyte and numerous neutrophils in the lesion of a normal male (H-8) in the third hour 
of inflammation inman. X 2000 (reduced one-half). AFIP Neg. 94132. 

FicurE 2. Four lymphocytes and humerus neutrophils in the same lesion as FIGURE 1 in the sixth hour of 
inflammation in man. X 2000 (reduced one half). AFIP Neg. 93770. 


Ficure 3. Eighteen lymphocytes, six neutrophils in same lesion as FIGURE 1 (H-8), in the ninth hour of 


inflammation inman. X 2000 (reduced one half). AFIP Neg. 96496. 

Ficure 4. Nine lymphocytes and six neutrophils in the same lesion as FIGURE 1 in the 12th hour of inflam- 
mation inman. Inset, a monocyte from the blood of the same individual to be compared with lymphocytes as 
to size and structural characteristics. Both X 2000 (reduced one half). AFIP Negs. 93771 and 95230. 
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PLATE 2 


FicurE 5. Lymphocytes and hypertrophied lymphocytes and a single pyknotic neutrophil in the same 
lesion as FIGURE 1 in the 14th hour of inflammation in man. Inset, a monocyte from the blood of the same indi-} ' 
vidual to be compared with the lymphocytes as to size and structural characteristics. Both X 2000 (reduced one | 
half). AFIP Negs. 96495 and 95230. 

FicurE 6. Lymphocytogenous macrophages in the same lesion as FIGURE 1 (H-8), in the 21st hour of in-> 
flammation inman. X 2000 (reduced one half). AFIP Neg. 95231. | 

FicurEe 7. Three macrophages and a neutrophil in the same lesion as FIGURE 1 (H-8) in the 24th hour of 
inflammation inman. X 2000 (reduced one half). AFIP Neg. 96491. ; 

Ficure 8. Two lymphocytes and numerous neutrophils in the lesion of a normal male (H-11) in the fifth » 
hour of inflammation in man. XX 2000 (reduced one half). AFIP Neg. 93559. 
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PLATE 3 * | 

Ficure 9. Ten lymphocytes, several of them phagocytic, and nine shrunken neutrophils in the same lesion | 
as FIGURE 8 (H-11) in the 12th hour of inflammation inman. X 2000 (reduced one half). AFIP Neg. 93501. I 

Ficure 10. Seven lymphocytes, four hypertrophied lymphocytes, and two degenerating neutrophils in the + 
same lesion as FIGURE 8 (H-11) at the 12th hour of inflammation in man.  X 2000 (reduced one half). AFIP ' 
Neg. 93563. 

FicurE 11. Twelve hype: mapmec lymphocytes and 13 degenerating neutrophils in the same lesion as FIGURE 
8 (H-11) at the 14th hour of inflammation inman. X 2000 (reduced one half). AFIP Neg. 93560. 

FicurE 12. Two lymphocytes, seven lymphocy togenous macrophages, and six degenerating neutrophils i in- 
the same lesion as FIGURE 8 (H-11) after 16.5 hours of inflammation inman. %X 2000 (reduced one half). AFIP 
Neg. 93508. 
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PLATE 4 


FicureE 13. Four macrophages and a portion of a fifth in the same lesion as FIGURE 8 (H-11) at the 28th hour - 
of inflammation inman. X 2000 (reduced one half). AFIP Neg. 93558. 

Ficure 14. Three monocytes in the blood of a patient suffering from Naegeli type, monocytic leukemia. . 
More than 6000 such cells were found per cu.mm. X 1800 (reduced one half). 

Ficure 15. A monocyte in the lesion (L-1) of the patient with monocytic leukemia depicted in FIGURE 14 at . 
the fourth hour of inflammationin man. X 1800 (reduced one half). 

Ficure 16. Four monocytes and two neutrophils in the same lesion as FIGURE 15 (L-1) of the patient with \ 
monocytic leukemia at the seventh hour of inflammation in man. XX 1800 (reduced one half). 

Ficure 17. Five hypertrophied monocytes in the same lesion as FIGURE 15 (L-1) of the patient with mono- | : 
cytic leukemia at the 12th hour of inflammation in man. X 1800 (reduced one half). 

FicureE 18. Two monocytogenous macrophages in the same lesion as FIGURE 15 (L-1) of the patient with | 
monocytic leukemia at 12.75 hours of inflammation. The cells in FIGURES 14-18 should be compared with the - 
control cells in FIGURES 1-13. X 1800 (reduced one half). 
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PLATE 5 
Ficure 19. Twomonocytes and a heterophil in the blood of a rabbit (L-40) representative of the peak mono- 


cytosis reached (7,300 monocytes per cu. mm.) 60 hours after intravenous administration of L. monocytogenes. | 


> 1800 (reduced one half). ’ : ’ f : 

FicurE 20. A monocyte and a disintegrating heterophil in the lesion of rabbit L-40 (with peripheral blood 
monocytosis as depicted in FIGURE 19) at 22 hours of inflammation. X 1800 (reduced one half). 

Ficure 21. Three monocytogenous macrophages and two macrophages not of monocytic origin in the same 
lesion of rabbit L-40 depicted in FIGURE 20 at 31.5 hours of inflammation. XX 1800 (reduced one half). 

FicuRE 22. A monocyte and two monocytogenous macrophages and several disintegrating heterophils in 
the same lesion of rabbit L-40 (with peripheral blood monocytosis depicted in FIGURE 19) at 41 hours of inflamma- 
tion. X 1800 (reduced one half). 


Ficurr 23. Four monocytogenous macrophages and a macrophage not of monocytic origin in the same lesion | 
of rabbit L-40 depicted in FIGURE 20 (with peripheral blood monocytosis depicted in FIGURE 19) at 46 hours of | 


inflammation. XX 1800 (reduced one half). : 

Ficure 24. Hybrid giant cell with three nonmonocytic components and one monocytic component in the 
same lesion of rabbit L-40 depicted in ricGuRE 20 (with peripheral blood monocytosis depicted in FIGURE 19) at 
57 hours of inflammation. ~ X 1800 (reduced one half). 

Ficure 25. Hybrid giant cell with a monocytic and nonmonocytic component in the same lesion of rabbit 


L-40 depicted in r1GURE 20 (with peripheral blood monocytosis depicted in FIGURE 19) at 70 hours of inflamma- | 


tion. X 1800 (reduced one half). 


_ Ficure 26. Sessile monocytogenous macrophage now a clasmatocyte in the same lesion of rabbit L-40 de- | 
picted in FIGURE 20 (with peripheral blood monocytosis depicted in FIGURE 19) at 70 hours of inflammation. | 


X 1800 (reduced one half). 
Ficure 27. Clasmatocytic fibroblast from a sessile monocytogenous macrophage in the same lesion of rabbit 


L-40 depicted in FIGURE 20 (with the peripheral blood monocytosis depicted in FIGURE 19) at 70 hours of inflamma- 
tion. X 1800 (reduced one half). 
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TISSUE CULTURE IN THE STUDY OF LEUKOCYTIC 
FUNCTIONS* 


By Edwin E. Osgood 
Division of Experimental Medicine, University of Oregon Medical School, Portland, Ore. 


Early work on the culture of leukocytes has been reviewed and illustrated 
by Fieschi and Astaldi,! who cite over 340 references, and by Bloom.? Our} 
own early work has also been reviewed,*:*:° so that only a few of the more 
important recent developments will be considered here. 

The double cover-slip and hanging-drop tissue-culture technique 
with or without a plasma clot, have given valuable information on the motility, 
living morphology, and mitotic activity of leukocytes and are well adapted to ) 
phase microscopy and time-lapse moving picture studies. The classic work of 
Maximow and Bloom was done by these methods and has been reviewed by / 
Bloom.’ It was the time-lapse moving picture studies on such preparations § 
by Rich, Wintrobe, and Lewis!° which made possible the first complete descrip- | 
tion of the method of locomotion of the different series of leukocytes. The » 
double cover-slip technique, when combined with a perfusion device such as | 
that described by Pomerat,!! permits the direct observation or time-lapse > 
photography under phase microscopy of the action of many variables on living § 
leukocytes in culture. The action of fixatives and various poisons as described | 
by Hsu and Pomerat! could well be applied to this technique. By exposing 5 
such cultures to hypotonic Gey’s solution and then to a fixative, Hsu" has 5 
shown that human leukocytes as well as many other cells show marked degrees 
of aneuploidy" and polyploidy, and has published some of the most beautiful 
pictures extant of human chromosomes.!° 

The roller-tube method of tissue culture!® which has been so successful in | 
the culture of other types of cells has, with a single exception, proved to date > 
unsatisfactory for the growth of hemic cells. This single exception, however, , 
is very important, for de Bruyn,” while working in Gey’s laboratory, was the first » 
to grow leukocytes of any series other than the monocytic over long periods 3 
of time. The strain of lymphoblasts she started in culture from a transplant- t 
able mouse lymphosarcoma is still growing well after more than five years. } 
Bichel’® has also succeeded in growing mouse hemic cells in hanging drop cul- - 
tures in a sort of symbiosis with actively growing fibroblasts. The cells he : 
cultured were leukemic lymphocytes and plasmocytes of the mouse derived | 
from transplantable leukemias, and these cells have been cultured through | 
many passages and over long periods of time. | 

A continuous flow large-scale culture device? has given the longest cell sur- 
vival (58 days) of any method developed prior to the gradient culture for the 
granulocytic series derived from human marrow. ‘The Carrel and Lindbergh” | 
whole organ culture technique, in which a continuous pump simulating heart | 
action was connected to the nutrient arteries of a segment of bone with marrow, 


s,° 7,8 


. . ’ 
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1d the method of Tullis” of direct perfusion of nutrient fluid through one end 
a segment of human rib have also, to date, been relatively unsuccessful in 
‘ving absolute increases in cell number or long-term growth of human leu- 
ocytes. 

All these methods, however, may in the future be adapted to successful 
altures when the principles to be described which were derived from the gra- 
ient culture are applied to them. 

The suspension-type culture in a vaccine vial capped bottle” developed in 
ne Division of Experimental Medicine at the University of Oregon Medical 
chool has been, until recently, the most satisfactory method for quantitative 
ontrolled studies on human marrow or leukemic blood. A few of the ap- 
lications of tissue-culture methods to the study of human leukocytes may be 
lustrated by studies made by this method. Any variable which may be 
tudied in blood may be studied in these cultures and by the same methods. 
ll manipulations are with syringe and needle through 70 per cent alcohol on 
he vaccine caps. 

Studies of the action of various antibiotics on a known number of a known 
ype of organism in such cultures provided much information on phagocy- 
osis?#27 and showed that cells immature enough to be in the process of mitosis 
ould still phagocytose bacteria (see Figure 4 in reference 28). Such studies 
lso showed that phagocytosis did not kill bacteria, which makes it probable, 
ogether with data”® on the rate at which neutrophils leave the blood stream, 
hat the function of the neutrophils is to clear the blood stream of organisms 
nd to localize infection, and that the killing of organisms depends on immune 
nechanisms and not on phagocytosis. 

Studies of mitosis by Gunz*® and our own group, with or without addition 
f colchicine, showed that all that is necessary to lead to mitosis of the pro- 
ranulocytes of leukemic blood is the dilution of the blood serum with a simple 
alanced salt solution of the types commonly used in tissue culture.® 

Studies of the action of ionizing radiation®!:* * of various modalities 
X ray, neutrons, P*) showed that, in doses under 400 r. or its equivalent for 
he granulocytic series and under SO r. for the lymphocytic series, the effects 
ould be explained entirely by inhibition of mitotic rate, and that there was 
10 evidence of killing of cells. By interchange of media,*? it was shown that 
he effects were direct and not due to any humoral factor that was stable for 
nore than a few minutes. These effects on the granulocytic series could be 
juantitatively duplicated with colchicine in the cultures, and they could not 
ye explained by the no threshold* action of ionizing radiation in producing 
‘hromosome and gene changes, but were due to an inhibition of mitosis occur- 
ing during interphase which prevented or delayed the onset of the next mitosis. 
Based on these studies a treatment called “titrated, regularly spaced total 
yody irradiation’”’*’ was developed for chronic leukemias, which has approxi- 
nately doubled the survival time of such patients; and, when combined with 
ortisone* therapy, approximately doubles the survival time of acute leu- 


cemias.*® 


* We are indebted to Merck and Company for providing the cortisone and hydrocortisone. 
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Quantitative studies of the effects of nitrogen mustard® showed that thes 
effects were due to killing of cells, not merely inhibition of cell division, an 
that the minimum effective concentration and the maximally effective concen 
tration were very close together. Studies of the action of urethane?” demon 
strated karyorrhexis of the nucleus as the most characteristic effect with 
tendency to formation of double nucleated cells. Quantitative studies of thi 
effects of cortisone and hydrocortisone®* in such cultures showed that thes 
agents, even in concentrations 10 times those attainable clinically, did not 
affect the rate of cell division, cell death, or differentiation of any type o 
leukocyte tested in these cultures, but the prolymphocytes and lymphoblast: 
of acute leukemia on which these agents are clinically most effective were not 
investigated because they promptly disintegrated in such cultures at shallow 
depths of less than 2 cm. 

In unpublished studies, Miss Migaki, a graduate student in our laboratory,; 
compared the disintegrated cell count with supravital studies of motility and 
phagocytic ability, and with Schrek’s method* of nuclear staining by safranin.| 
These studies showed that the disintegrated cell count is the most accurate 
method thus far available of recognizing cells which are dead but have not as} 
yet undergone complete autolysis, but that still better methods are needed. , 
Disintegrated cell counts parallel the Schrek stained nuclei count, but at a} 
higher level. | 

Studies of the uptake of radioactive phosphorus in cultures*® containing as 
much as 10 gm. or 20 billion cells from chronic granulocytic leukemia in one} 
liter of medium showed that the radioactive phosphorus was incorporated | 
into the DNA and provided further evidence that new formation of cells does 
occur in this typeof culture. Cultures of the blood of healthy medical students* } 
and their marrows under identical conditions showed that the length of life! 
of the segmented neutrophil is of the order of 48 hours, and that of the neutro-| 
phils and band cells present in the blood is about 60 hours, suggesting that the: 
time of entrance of the cells of the granulocytic series into the blood stream is} 
60 hours less than the total time to cell death. 

All of our data on quantitative differentiation in these cultures indicated | 
that division occurred only in cells containing nucleoli (in other words, in the 
blast, pro, and early myelocyte stages), and that changes in numbers of cells } 
more mature than these (in other words, in the differentiating cells), followed | 
straight line arithmetic curves. This could also be theoretically deduced in| 
that, if a cell reaches a stage at which it could no longer divide, it should be } 
obvious that if both cells resulting from the division remain immature to divide | 
again, there will be no cell to differentiate, and if both differentiate, no cell will | 
remain to divide.* Therefore, from any division one cell must remain immature _ 
and, for practical purposes, be the same cell, and the other must differentiate. | 
It is true that at rare intervals divisions may occur in which both cells remain 
immature to divide again, but in this case changes in cell number will always 
be logarithmic. 

If we make then but two assumptions: (1) that the neutrophil myelocytes 
resulting from a division immediately prior to aspiration of the blood or mar- 
row and those resulting from a cell division immediately after placing the cul- 
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re in an incubator will have the same life span in the same vial culture; 
id (2) that changes in numbers of differentiating cells are straight line arith- 
etic functions, it is possible to calculate by a graphic method the length of 
e of differentiating neutrophils from the data obtained in the studies of 
wtisone and hydrocortisone.*® Such calculations’ lead to a life span of only 
) hours for the neutrophils of chronic granulocytic leukemia as compared to 
)2 hours for the neutrophils from nonleukemic marrow. The data on the 
ethod of division and length of life of the cells made possible a computation 
vat only 140 to 1409 of the cells outside the blood-forming organs are present 
1 the blood stream at any one moment of time in standard man.” 

These examples, chiefly drawn from our own work, illustrate the great pos- 
bilities of this method for short-term (8 to 10 days) quantitative controlled 
udies, but indicate also that the rate of cell division in these cultures does 
ot keep pace with the rate of cell differentiation and cell death. 

Many unpublished studies on variations of oxygen tension, composition of 
1edium, and number of cells per unit volume of medium have failed to solve 
1e problem of obtaining long-term continuous multiplication of cells with 
1crease in number, but had shown that the number of cells per unit volume, 
ontrolling pH between 7.2 and 7.6, and the oxygen tension were all critical 
ictors. With any medium tried, at depths under 2 cm., and cell counts 
nder 2,000, all cultures showed drops to about 20 per cent of their initial 
sunt by 8 to 12 days, and few or no living cells by 20 to 30 days. 

‘The development of the gradient culture“ explained the previous failures to 
btain multiplication of hemic cells and also the few successes. Why it should 
ave taken me 18 years to think of anything so simple I shall never understand. 
t consists of placing a clean sterile 1 X 3 inch glass slide at an approximately 
5° angle in a one-pint French square bottle containing 170 ml. of suspension 
ype culture in 40 per cent serum and 60 per cent TC 1994* or probably any 
ther of the frequently used fluid tissue-culture media, with a suspension of 
ells from leukemic blood or hematopoietic organs of about 1000 per cu. mm., 
nd incubating at 37°C. The supernatant gas mixture is air with enough CO, 
usually about 5 per cent) to hold the pH at the desired level. As the cells 
ettle on the slide, the numbers steadily increase from above downward to the 
lepth of 5 cm., and the distance from the source of oxygen steadily increases 
9 that there is a continuous gradient in oxygen tension, oxidation-reduction 
yotential, and number of cells per unit volume of medium; and, at some point, 
onditions are certain to be right. Furthermore, there is an opportunity for 
he more motile, mature cells to migrate over the edge of the slide. Even with 
he very simple medium used in the cortisone and hydrocortisone studies, 
which is inferior to TC 199, growth far superior to anything we had previously 
served, even in continuous flow cultures, has been noted in every type of 
eukemic blood or normal or neoplastic marrow so far investigated. Slides 
ould be removed with sterile forceps at any desired interval, rinsed with cul- 
ure media as they were withdrawn, and then rinsed with balanced salt solution 
o remove loosely adherent cells and excess protein, and next be examined while 


*Qbtainable from Difco Laboratories, Detroit, Mich. 
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living or fixed by any method and stained with any stain. After cell count 
on the mixed culture, a new slide could be introduced. 

It was soon found that the position of cells on the slide could be varied by; 
varying the number innoculated or the depth of the layer, so that the conditions | 
for optimal growth of each cell type could best be described by a “gradienti 
factor,” which is defined as the cell count in thousands per cu. mm. times th 
depth below the surface in centimeters at which growth is best when the gas 
mixture is room air. The gradient factor for the various types of leukocytes 
varied from about 1.5 for the plasmocytic series to 12.0 for the erythrocytic 
series, with the granulocytic, monocytic, and lymphocytic series at about 3.5, 
4.5, and 6.0 in between. The gradient factors for the monocytic series com~ 
pletely overlapped those for the granulocytic series so that these cells were not; 
separable, although individual colonies were of one cell type. 

The pattern of growth of each type of cell was characteristic and resembled| 
that of the corresponding cells in the hematopoietic organs (see plates 1-3) 
in reference 44). Since these patterns are developed within 24 hours, it seems 
probable this method will prove valuable in identifying the cell type in acute > 
leukemias where such identification is notoriously difficult. Increases of two} 
to five times the number of cells of a particular type have been obtained in 
cultures of leukemic human blood or plasmocytic myeloma marrow for the: 
first time by this method, and it seems possible that pure strains of cells may be: 
isolated. Merely tipping the bottle at a 45° angle without a gradient slide,, 
while giving results far superior to our previous methods of culture at depthss 
below 2 cm., gives results definitely inferior to those with the gradient slide» 
present. This finding, together with our previous studies, suggested that: 
removal of the mature cell was an important factor in the success of the method. . 

Applying the principles deduced from this gradient culture, John Brooke, 
cytologist in the Division of Experimental Medicine, has obtained multipli- - 
cation of cells over periods in excess of 60 days and by a factor of over five! 
times the number of cells initially introduced in rectangular, flat-sided, 4-ounce } 
pharmaceutical bottles capped with vaccine caps and laid with the flat side: 
down. Reasoning that the gradient depended both on depth and number of ' 
cells and that, by a high cell count, we could obtain a high gradient factor with | 
a relatively thin layer and noting on the gradient slides that the immature cells 
adhered to glass, while the more mature cells did not, the following modification 
of the vaccine vial capped suspension culture was developed. Heavy inocula 
of 15 to 30 thousand cells per cu. mm. were made into a volume of 10 to 12 ml. 
of fluid medium in bottles. This volume gives a layer only 3 to 4 mm. deep. | 
These cells were allowed to rest on the flat side in the incubator for 1 to 16. 
hours sothat the immature cells might affix themselves to the glass wall, and then 
the more mature cells were removed after very gentle rocking of the bottle to 
place them in suspension. The number remaining in the bottle were deter- 
mined by the difference in leukocyte count. Growth could be observed by 
direct microscopy through the wall of the bottle and by pH changes, and | 
subcultures were made from the cells removed at intervals of one to seven days, | 
depending on the degree of multiplication. From the blood of one patient with | 
terminal chronic granulocytic leukemia, we attained, at 30 days, 10 such cul- 
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ires with a total cell count of at least 3.5 times the number initially inocu- 
ted. These cells are not morphologically normal but are living as demon- 
rated by phase microscopy at 72 days and are peroxidase positive. They 
semble progranulocytes, but there are also many giant cells and fibroblast- 
ke cells probably derived from the monocytic series. 

Many variations on the gradient technique are obviously possible. Perfo- 
uted cellophane sheets may be supported on a glass rod frame at a similar 
ngle, or several progressively narrower layers may be wrapped around the 
radient slide to give many gradients. A narrow strip of Leighton sponge,*® 
eld in place by a plasma clot along the center of the long axis of the gradient 
lide, seems best adapted for separation and identification of metastatic neo- 
lastic cells from marrow. The development of a device for continuous flow 
vith continuous control of all variables seems most promising for long-term 
roduction of new cells of any desired type. A preliminary model designed 
argely by Doctor Demetrios Rigas, physical chemist and biochemist in the Di- 
ision of Experimental Medicine at the University of Oregon Medical School, 
vhen used with a gas mixture of room air diluted 50 per cent with nitrogen, 
las given marked increases in the plasmocytic series when compared with the 
nitial absolute number present in the two marrows of healthy members of our 
taff that have been investigated. One of these cultures has now begun to 
how increases in cell countafter the initial drop. Living cells are still present 
‘t 50 days. More time must, of course, elapse before we can say that really 
ong-term cultivation of human hemic cells is possible, but the prospects seem 
promising. 

These studies indicate clearly that the progranulocytes and promonocytes 
ind prolymphocytes of leukemic blood are capable of division to produce 
ells capable of both division and differentiation. They strongly suggest 
yhat not only hemic cells but other cell types also may grow best at certain 
lefinite oxygen tensions and oxidation-reduction potentials, and that it 
would be desirable to repeat metabolic studies under such ideal oxygen ten- 
sions. They also indicate that the chemically mature cell of these series 
produces a relatively unstable inhibitor of cell division, and there is much 
ancillary evidence that this finding may be true in other types of cells which 
differentiate beyond the stage capable of division. This postulated humoral 
mechanism of homeostasis for hemic and other cells which differentiate has 
its analogues in the inducers and organizers of embryologic development which 
also appear to be short-range relatively unstable substances produced by the 
living cell. 
~A hypothesis as to the fundamental mechanism of leukemia and cancer has 
been deduced from the studies described and will be presented in more detail 
elsewhere. If all that were necessary for the production of unlimited growth, 
in other words, cancer, were absence of an inhibitor produced by the chemi- 
cally mature cell, then any change in the cell capable of division, whether it be 
chromosomal, genic, or plasmagenic, which would lead to a shorter life span of 
the differentiating cell, would constitute the necessary difference from the nor- 
mal to be called cancer. If this were true, all of the current theories (heredity, 
viral, chemical, or physical carcinogen) of the mechanism of cancer production 
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may be correct. This hypothesis would account for the different enzyme con 
stitution of different cancers of apparently identical type, and thus unify all 
our present knowledge in regard to cancer. It would also change the directio | o 
of cancer research, in that we should study the normal mature cell of the series} 
in attempts to isolate a relatively unstable inhibitor of mitosis which should 
prove to be theoretically the most efficient agent for the treatment of leukemia 
or cancer of the same cell series. This hypothesis would also explain the tend 
ency of malignant tumors and leukemias to become more acute or anaplasticy 
with time, since the rapid multiplication would statistically increase the chancess 
of a second or third mutation or chromosome change. Such a development 
would still further shorten the life span and, at some point, would cause cel 
death before development of an hypothetical inhibitor of the logarithmic types 
of division, which occurs when cells divide to form two cells which may divides 
again. . 

The type of division described for hemic cells would explain the picture that 
has often been interpreted as maturation arrest as due, instead, to early cell 
death. It would explain what has often been thought to be dedifferentiation| 
on the same basis and would explain some cases of metaplasia as due to a dif-: 
ferential rate of multiplication. The hiatus leukemicus would represent, in, 
many cases, merely temporary decrease in division rate, followed by more rapid] 
division. 

Past studies of the physiology of the human leukocytes by tissue culture: 
methods have given much valuable quantitative information, but methods pre-| 
viously available have had serious limitations. The development of the gradi-- 
ent culture and its modifications offers promise of extending the usefulness of 
tissue culture for the study of the physiology of leukocytes and other human} 
cells. Human leukocytes from leukemic blood in suspension type cultures } 
have the great advantage for enzyme and metabolic studies of not being con- - 
taminated with other tissue cells such as artery, veins, connective tissue. | 
Moreover, the cells have not been cut. A unifying concept of leukemia and | 
cancer is suggested. It seems probable that the development of new tissue : 
culture tools will make progress in the study of the physiology of leukocytes \f} 
much more rapid in the future than it has been in the past. 

A survey of the sections on leukemia, leukocytes, marrow, lymph nodes, and |} 
spleen in the wonderfully valuable contribution called A Bibliography on the 
Research in Tissue Culture,” prepared by Margaret R. Murray and Gertrude } 
Kopech, will show what a very small fraction of the total work on tissue culture 
in the study of leukocytes it has been possible to review, and what a small 
fraction of this total work is represented by our investigations, from which | 
most of the examples of applications have been drawn simply because illustra- 
tive material was more readily available. 
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THE PROTECTIVE EFFECT OF GRANULOCYTES IN 
RADIATION INJURY* 


By E. P. Cronkite and George Brecher 
nited States Naval Medical Research Institute and National Institutes of Health, Bethesda, Md. 


Historical Background 


The destructive effects of whole-body irradiation on blood-forming tissues 
ere recognized by Heinecke in 1903 and described in a series of papers! to 
hich little of a qualitative nature can be added even today. Heinecke’s ob- 
rvation of the extreme sensitivity of lymphoid tissues suggested the use of 
cal irradiation for lymphoid tumors, and the attention of many investigators 
scame focused on the blood changes following radiotherapy, best demon- 
rated by Minot and Spurling.* 

The development and use of atomic bombs renewed interest in the effects of 
hole-body radiation. Military and peaceful application of atomic energy 
ive particular impetus to studies on protection against radiation injury. 
urthermore, as a result of the extensive applied studies, it has been found that 
diation, when properly controlled, can be an excellent tool to aid in the study 
basic physiologic problems concerned with hematopoiesis, formed elements 
the blood, and hemostasis. In this article, however, the authors will limit 
emselves to a brief summary of the over-all effects of whole-body irradiation 
id a discussion of the specific relationship of leukopoiesis, infection, and mor- 
lity. Many detailed reviews*'® on all aspects of the effects of radiation are 
vailable. 


Whole-Body Radiation Syndrome 


Death following irradiation can be due to several lethal syndromes which 
e schematically portrayed in ricuRE 1. The first wave of deaths occurs 
ander the beam or within 24 to 48 hours and is termed neurological because of 
.e characteristic symptomatology.” The second wave of deaths, which 
curs at lower doses when death is not produced by the neurologic syndrome, 
1s been termed the gastrointestinal syndrome because of the GI symptoms and 
vere histopathologic lesions of GI tract.) 18: 7%° When death is produced 
y this syndrome, it occurs between the second and eighth days. Death from 
e gastrointestinal syndrome is rare below 750 r. Above 1200 r., the syn- 
-ome is uniformly fatal with a mean survival time of about four days in mice, 
ts, and dogs. In hamsters, goats, and guinea pigs, deaths rarely occur as 
ily as four days. The longer survival time after large doses has been ascribed 
. a large colon” * that apparently retains its capacity as a water absorber, 
us preventing the severe loss of water and electrolytes such as occurs in the 
‘ecies with the shorter survival time after the same doses. The third syn- 
-ome has been termed the hemopoietic syndrome because it is characterized by 
yne marrow aplasia. The resulting pancytopenia leads to infection, hemor- 
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LETHAL SYNOROMES AFTER VARIOUS DOSES OF 
RADIATION 
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Ficure 1. Schematic portrayal of lethal syndromes, time of occurrence of deaths due to different syndromes} 
and dose ranges that produce the syndromes in mice exposed to 2000 KVP X ray with dose rates between 15 r 
and 2000 r. per min. 


rhage, and anemia, all three of which may kill.2* However, infection occurs 
earlier than hemorrhage and anemia, and accordingly plays the dominant role: 
In most species, the GI syndrome occurs only at supralethal doses, an 
deaths in the lethal dose range* are predominantly hemopoietic. However, i 
rats, a fairly severe GI syndrome may occur between the LDso and LD1p9 (se 
TABLE 1) with some deaths on the third and fourth days. Animals that re- 
cover from this GI syndrome subsequently develop pancytopenia. Thus, twor 
peaks of deaths may result from the same dose, the first around the fourth day; 
being correlated with sensitivity of the GI tract,?® the second with the bon 
marrow damage. Observation in the Japanese indicates that man is als 
subject to the double hazard of the GI syndrome and later pancytopenia.”’ 


Changes in Granulocyte Count as a Function of Species, Dose, and 
Time after Irradiation 


Under normal conditions, the various formed elements are at a relatively’ 
constant level, denoting a dynamic equilibrium between production and use., 
Radiation obviously disturbs this equilibrium. Apparently the first dose, 
time, and species comparative study was that of Taylor ef al.5 During the: 
development of the atomic bomb, extensive comparative studies were? 
made.*1°: ‘These studies were extended during atomic bomb experience,*4~*| 


* The term “‘lethal”’ dose range is used to denote doses resulting in deaths of 1 to 99 


o7 h ‘ | 
In contrast, the term “‘supralethal” is used to denote uniformly lethal doses. tems ac sh = | 


Lt ge ae 
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-“TaBLe 1 
LETHAL DosEs FoR VARtioUS MAMMALS 


Se = 
Dose in r. to produce 
:3 : various mortalities 
Species* in 30 days Radiation characteristics 
} 50% 0-100% 
ogs Mo coe bie ki. 312 180-555 | 2.0 mev., HVL 4.3 mm. Pb, 15 r./min. in air 
WINE. . 2... - eee eee 400 250-525 | 2.0 mev., HVL 4.3 mm. Pb, 15 r./min. in air 
MEINE PISS. .......... 250 150-500 | 200 KVP, 1 mm. Al, 0.25 mm. Cu, HVL 0.8 
| mm. Cr, 44 r./min. in air 
WBIKEV Gres sos ants oe 528 + 12} 425-630 | 230 KVP, HVL 1.25 mm. Cu, 3 r./min. in air 
cats, Sprague-Dawley 
BONY ERI seis oon Pais... 478 350-665 | 200 KVP, 1 mm. Al, 0.25 mm. Cu, HVL 0.8 
mm. Cu, 44 r./min. in air 
tats, 150 gm.......... 725 400-800 | Cobalt®, 10 r./min. in air 
menViice: 25. 754 + 8 | 500-950 | 2.0 mev., HVL 4.3 mm. Pb, 15 r./min. in air 
PSEC. es sk es 710 540-925 | 200 KVP, 20 ma., 0.51 mm. Al, 25 mm. Cu, 
22 r./min. in air 


* Data obtained from references 29-32. 


TABLE 2 
Mean LEUKOCYTE COUNTS IN VARIOUS SPECIES IN THOUSANDS 


Species Ao ar Sg moa tes eek Pai 
ON ae sh os as cut coe co im diate cshtyniels Se 4.5 WAN LORS 2.4 
HRS. cee ae i a a A nee ee 17.0 4.6 12.4 
BEING EES te crs evasion tse, spa 8.4 fe2 at? 
MEVIICE Me cranial. ose eis eae 9.6 Deal 7.4 
ote 7 eee ee 7.8 aw 255 
IST A ei ok Cone Rot Gone er 10.5 Dee 7.0 
REFS Seg gah ae Bist One earn Sie 4.0 9.2 


* Personal data. 

+ W. W. Smith (Personal communication). 
t Ting, Johns and Jacques (37). 

** Patterson (30). 


ind species differences in leukocyte response were evident but not fully 
ippreciated. 

‘In making species comparisons, it is essential to compare absolute numbers of 
pecific cell types rather than total white blood count, because of the great 
lifferences in the proportion of lymphocytes and granulocytes in the peripheral 
slood of various species, as illustrated in TABLE 2. 

_Lymphocytes are the most sensitive leukocytes in their response to irradia- 
jon, and they behave similarly in all species. The lymphocyte decrease be- 
rins immediately after exposure, and minimum values are obtained within 36 
‘0 48 hours, most of the decrease occurring within 24 hours of exposure. aT ne 
ate of decrease, as a percentage of lymphocytes present at time of exposure, 
\pproximates a linear regression from the time of exposure. Within any 
species, the recovery time for lymphocytes is usually much longer than for 
sranulocytes; however, in LAf, mice, recovery is similar. 

In contrast to lymphocytes, the granulocytes respond with an initia] rise.*: ° 
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TABLE 3 


Time oF APPEARANCE OF MAXIMUM DEPRESSION AND RECOVERY TO NORMAL IN 
GRANULOCYTES FOR VARIOUS SPECIES AND REPRESENTATIVE DOSES OF 


X Ray 
: Per cent Time to maximum Time to recovery 
Species Dose in r. mortality depression in days to normal in days 

Rat 500, 50 5 20 

500. = 4 = 

500 — 3-4 25 

550 50 3-0 16-20 

650 68 2 == 

800 90 4 30-40 

800-1500 100 he 5630 

Mouse 600 — — 
LA 650 — 4-6 26-30 

800 80 5 20-30 
Dog 150 0 14-16 30 

300 50 13 & 19 >30 

400 88 16 >30 

600 100 5-10 — 
Monkey 528 50 6-10 Most by 26 days, some 

. 41 days 

Cat 200 = 3-4 40-50 
Hamster 825 90 5-7 15 
Swine 400 12 6 & 21 60-90 

600 87 5 60-120 
Man ? 50? 5-10 ? & 24 = 


Data are assembled from references 9, 10, 11, 27, 30, 33, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44. 


The granular leukocytosis* consisted of two peaks, one at 8 to 12 hours, and 
later one at 24 hours. Thereafter, there was a decrease. The magnitude oflff 
the depression and, within limits, of the duration was a function of the dose ofif 
radiation. This primary depression may be followed by an “abortive rise” 
and a secondary depression clearly described in the rabbit by Jacobson e¢ al." 
In TABLE 3 are tabulated the time to maximum depression and time for re-; 
covery to normal for the granulocytes in various species after various doses of! 
radiation. There is relatively little difference in the rate of development of 
the primary granulocytopenia for comparable doses of radiation. However,; 
at the same per cent mortality, the granulocytopenia develops more slowly ini 
the dog. There are marked species differences in the rate of recovery. The 
hamster recovers most rapidly, and man and swine most slowly. In FIGURE} 
2, the relative rates of depression and recovery in the granulocytes are plotted 
for the hamster and the dog at an approximate LDgq for both species. The! 
human data are from a group that approximates an LDso .“° The very rapid 
recovery of granulocytes in the hamster} is evident. The intermediate re-: 
covery rate in the dog and the very sluggish recovery in man is apparent.| 
Since the mortality rates for the three species are comparable in the present. 
instance, it is apparent that survival is compatible with different duration of 
granulocytopenia in different species. A general correlation exists, however,| 


* Since lethal dose parallels sensitivity to bone marrow and not | ; i 
omitted from this article. not lymph nodes, all studies on lymphocytes are} 


{| Hamster data kindly supplied by Doctor W. W. Smith, United States National Institutes of Health. 
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DAYS AFTER RADIATION 
Ficure 2. Comparison of length of depression of granulocytes in hamster, dog, and man exposed to lethal 


oses of radiation. Deaths commonly occur when granulocytes are below the “critical level’’ of 1000 cells per cu. 
m.. 


tween speed of recovery of granulocytopoiesis and probability of recovery, as 
vill be discussed later. 

In FrGuRE 3 are shown the changes in granulocytes in the dog after different 
loses of radiation. After 150 r., a sublethal dose, the depression is slight and 
ecovery is just about complete by 25 days. After 300 r., an approximate 
D5 , the depression is moderate, the count undulates, and recovery is fairly 
omplete by 30 days. After 400 r., an LDgs , the fall continues for days, reach- 
ng minimum values between 16 to 18 days after exposure. In those animals 
hat survive, the recovery is slow and not complete for more than 30 days. 
\fter 600 r., an LD4oo , the fall is more rapid,* and minimum granulocyte levels 
f less than 500 per cu.mm. are reached by 5 to 7 days and remain below this 
svel, or completely disappear, before death 7 to 21 days after exposure. 


- The Susceptibility to Infection, Its Relation to Mortality and the 
Granulocyte Count 


Warren and Whipple and Lawrence and Tennant*® working with high doses 
f radiation that produced death in a few days concluded that infection is not 
n important factor in roentgen ray deaths. This conclusion was confirmed 
yy Osborne ef al.” in mice with large doses (2000-3000 r.). Gonshery ef al. 


* The depression is almost maximal at this dose for the dog. After 3000 r., animals may die on third or fourth 
ay before maximum depression has occurred. After 10,000 r. or more, dogs die before a leukopenia has time to 


evelop. 
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Ficure 3. Granulocyte levels in dogs exposed to sublethal and lethal doses of irradiation. Note dose de# 
pendency of slope of fall in granulocytes. | 


25 


came to the same conclusions in respect to the 3- and 4-day deaths of mice 
after 1100 and 1400 r. | 

Osborne” and Silverman e/ a/.°° were unable to increase the survival time or 
decrease the mortality of the GI syndrome by antibiotics, even though Silver- 
man et al. were able to reduce significantly the incidence of bacteremia by the# 
use of streptomycin in mice exposed to sufficient irradiation to produce the GII 
syndrome. It appears that infection is only incidental in the GI syndrome. | 

After lower doses of radiation when animals live longer, Chrom*? andl 
Lawrence and Tennant*® came to the conclusion that infection is much more# 
prevalent and is a major lethal factor. This fact was also apparent in many} 
of the Japanese dying 2 to 4 weeks after the bombing.” 4° Infectious proc-: 
esses were observed over the entire lethal range in animals exposed to thet 
atomic bomb. In dogs,” deaths with obvious clinical infection manifested by} 
cellulitis of the lips, neck, and legs; oropharyngeal and anal ulceration; andi 
pneumonias were seen. The development of fever was studied, and it appeared! 
to be a consistent precursor of death in dogs exposed to 400 and 600 r. as illus- 
trated in FIGURE 4. Following exposure to 600 r., the temperature remained] 
within the normal range for the first 5 to 6 days and, thereafter, the meani 
temperature of the group increased progressively to about 106° F. Deathsé 
with infections listed above occurred between the 6th and 13th days. After! 
400 r., an approximate LDgo for dogs, the onset of the temperature increase isi 
later and more gradual. Deaths occurred between the 13th and 23rd days. 


) 
| 
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Ficure 4. Correlation between radiation dose, onset of fever, and mortality. Infections develop earlier 
fter 600 r. than after 400 r., and survival time is shorter. 


The most convincing evidence in support of infection as a major lethal factor 
s the quantitative study of Miller ef al.*! These investigators cultured the 
ood and spleen of serially sacrificed mice at daily intervals following various 
loses of radiation. The daily per cent mortality and the per cent of positive 
ood and spleen cultures increased in parallel to a peak on the 10th day, and 
hereafter progressively decreased together, a correlation that has been con- 
immed by others.**: 

If infection were the only lethal factor in radiation injury in the lethal range, 
erm-free animals would not succumb to radiation after doses in this range. 
Qeyniers e¢ al. have studied this problem in germ-free rats. The maintenance 
f the germ-free state alone, while irradiating and studying the animals, is a 
ormidable task, and only a limited number of animals were exposed. How- 
ver, their studies have demonstrated conclusively that animals still die, 
hough with a longer survival time. Deaths are apparently due to hemorrhage 
nd anemia. The LDs5 probably will be moderately increased. 

Since infection followed by septicemia and death had been observed early in 
he radiation era, studies on antibody production were not long delayed. An 
arly study was that of Hektoen,” in which it was demonstrated that irradia- 
ion prevented antibody production to a great extent when the antigen was 
dministered after irradiation, but little, if at all, when irradiation followed 
ntigen administration at the time of maximal antibody production. Many 
tudies®®-©° have proved that irradiated animals are poor antibody producers. 
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The ability to make antibodies varies with dose of radiation, time after irradi 
ation, time and dose of antigen, and the species. However, the rate of dissift 
appearance of preformed antibody is not impaired® and the rate of disappear 
ance of passively transferred antibody is unchanged. ia 
Clearly, there are major impairments in the ability to produce antibodies 4 4 
However, evidence that the susceptibility to infection of the irradiated animalijpit 
is well correlated with antibody production is lacking. In our own and other il 
studies, it appeared that the susceptibility to infection was well correlated with ve 
the granulocyte. The absolute level of the granulocytes, the rate at which thei 
count fell, and the duration of depression seemed of major importance. These 
factors were evident in studies with dogs. At a 10 per cent mortality, there 
was a slow progression in the development of the granulocytopenia with mini+} l 


mortality increased, the rate at which the granulocytes fell increased, and thes ot 
depth to which the granulocytes fell also increased. At 80 per cent mortality, 
the fall was more rapid and, by the 13-14th day, there were less than 1000 cells 
present. At 100 per cent mortality, the cells had virtually disappeared fromifie 
the blood by the fifth day, and deaths occurred rapidly. These features are‘pil 
also illustrated in FIGURE 3. In FIGURE 4, it is seen that the temperature in-fi 


mammals, antibiotics should significantly increase the survival time and thew 
survival rates. This would be true, however, only provided that recovery oflff: 
other phases of hemopoiesis, namely the production of thrombocytes andlffix 
erythrocytes, took place with sufficient rapidity to prevent death from hemor-! 
rhage and anemia. Miller e¢ a/.® have conclusively shown that, provided that: 
resistant bacteria are not present, streptomycin will increase the survival timed 
and survival rate of mice within the lethal range, but not from supralethallf 
doses of radiation. This work has been confirmed in mice by other investi-ty 
gators. °°. % Antibiotics have been of definite value in hamsters,® swine,» 
dogs,” and rats.”"_ A convincing demonstration of the value of antibiotics in r 
the irradiated animal was that of Baxter ef al.,®° in which it was shown thati a 
400 r. produced only a 20 per cent mortality in swine, but when a 10 to 15 peri 
cent flash burn was superimposed upon this irradiation, providing an open 
wound for the entry of bacteria, the mortality increased to 90 per cent. Theé 
use of streptomycin decreased the mortality to that of irradiation alone. 
Koletzky” had good results in rats given internal irradiation by combining 
penicillin and streptomycin. A striking demonstration of the value of using# 
combined and successive antibiotics is that of Coulter and Miller” in dogs., 
Whereas previous studies in dogs and rats with single antibiotics”: 7 had} 
yielded equivocal results, the use of multiple antibiotics in succession”: 7! gave? 
a significant improvement in survival rate. 

The reasons for the failure of antibiotics in some experiments are not entirely) 
clear. In some cases, the antibiotics may have been ineffectual because re-. 


q 
q 
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stant bacteria invaded. In other cases, hemorrhage and anemia may have 
used death before adequate recovery of hemopoiesis occurred. It appears 
rtain from the studies of Smith e¢ a/.‘8: ®. %, ® that antibiotics prolong life 
wring the period that the granulocytes are below the critical level for preven- 
on of spontaneous infections, thus allowing time for the recovery of hemo- 
yiesis. Various postirradiation protective measures support this concept. For 
‘ample, preirradiation spleen shielding; postirradiation implantation of 
leens; the injection of bone marrow or splenic homogenate, parabiosis; and 
reirradiation treatment with sulfhydryl compounds have been shown to in- 
ease the survival rate of animals and to accelerate the regeneration of all 
emopoietic tissues.*!: 7%! 

Congdon ef al.® have shown that masses of bacteria that are ordinarily ob- 
ved in mice dying from irradiation are absent when the irradiation is fol- 
wed by intravenous injection of bone marrow. Marston e¢ al.83 have demon- 
rated that the administration of splenic homogenates increases the resistance 
f irradiated mice to experimental infection and complements the action of 
reptomycin. Kaplan et al.™ have found the survival time of mice inoculated 
ith the beta hemolytic streptococcus after irradiation to parallel in general 
1e leukocyte curve. Using splenic homogenates, induced bacterial infection, 
nd spontaneous infection, Smith ef a/.”: * have shown that the probability of 
eath is correlated with the granulocyte count and is independent of the 
rmphocyte count. In their first study,” sublethally irradiated mice were 
hallenged by the injection of bacteria, and a very definite association between 
ssistance to Pseudomonas aeruginosa infection and the granulocyte count was 
etermined. In general, there was an increase in survival of approximately 5 
er cent for every 100 granulocytes in the animals that were challenged by 
acterial injection after an otherwise sublethal irradiation. To quote: “Thus, 
thin the limitation imposed by our procedures, general recovery, whether 
ccurring naturally or accelerated by spleen homogenate, adds to survivorship 
elatively little that is not measurable as a function of the granulocyte count.” 
‘here was no correlation with the lymphocyte count. Similar studies® were 
nade on animals irradiated with a dose of 550 r., spontaneous mortality of 65 
er cent. When the granulocytes were ranked according to increasing granulo- 
yte levels in six groups, there was a progressive increase in survival from 21 to 
4 per cent. There was no correlation between lymphocyte level and survival 
ate. These systematic and well-controlled studies demonstrate for the mouse 
hat chance of survival following induced or spontaneous infection is propor- 
ional to the granulocyte count, but do not claim to prove that other subtle 
actors are not as important. 

All of the preceding studies imply that there are critical levels of the granulo- 
yte below which survival is improbable and above which survival is probable. 
The range in granulocytes over which survival is proportional to the count has 
een quantified only in the mouse.” *° 

From closer inspection of our data** on dogs, it appears that the upper level 
bove which survival can generally be expected is in the vicinity of 1200 granu- 
ocytes per cu. mm., and that survival is rare when granulocytes remain below 


00 per cu. mm. for any length of time. 
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Indirect evidence that emphasizes the critical role of the bone marrow bef 
survival is the fact that the LDs5» is dependent upon the regenerative ability * 
the bone marrow”! * and is independent of the sensitivity of the lymphowf 
tissue.2!» 87 8 Since it has been shown®™: ** %° that maintenance of red cell a 
platelet levels does not significantly increase the survival rate of irradiataf 
animals, it is logical to consider that the continued production or the resum} 
tion of production of granulocytes are primarily responsible for spontaneo 
survival from irradiation in the lethal range. oe 

The evidence presented would appear to establish firmly a correlation bef | 
tween granulocytopenia and susceptibility to infection in radiation injury. i 
has been questioned, however, whether a depression of the granulocyte level HD 
the constant and sole cause of mortality from infection.” * Shechmeister :}f 
al.t found that the maximum susceptibility of sublethally irradiated mice it 
infection occurred 15 days after exposure and were unable to make a positt \ ay 
correlation of the increased susceptibility with levels of white cells or abiliti : 
to produce antibodies. In addition, it has been shown by Shechmeister anqp 
Fishman” that the migration of rabbit and rat leukocytes is depressed at cer rib 


iit 


bactericidal effect of leukocyte extracts from irradiated rats was found to bap 
depressed at three days after irradiation..* However, in the preceding 
studies,**: * the influence of a changing and aging population of leukocytes oni 
the migratory and bactericidal activity of leukocytes was not investigated. 


Mechanisms Involved in the Production of Leukopenia and Recovery 
Therefrom 


Under normal conditions, the formed elements of the blood are in a dynamic 
equilibrium. Production equals utilization. The diurnal-nocturnal variations 
in the leukocyte levels are believed to represent surges of production, release 
from the bone marrow, or adjustment of distribution under various physiologic} 
stimuli, superimposed upon an essentially constant level for the species on}! 
individual. If production of new cells ceased completely without change in 
their normal life span, the leukocyte level would decrease in the peripheral 
blood as a function of the life span of the various types of leukocytes. Unde 
these conditions, the speed with which the number of leukocytes decreases} 
would be a function of the life span. The situation would be analogous to de~ 
termination of red cell survival by the Ashby technique, where the slope of thei 
linear regression of the cell population is a function of the life span.* ) 

These problems have been approached experimentally by Lawrence ef al,!% 
and Valentine.“ °° In rats, after 500 r., approximately an LDs5o , depression\ 
of granulocytes was maximal in 72 hours. The actual rate of disappearancey 
closely approximates the rate expected from estimates of the life span of leuko- 
cytes in previous cross transfusion experiments. However, such a simplei 


* Since there is evidence that leukocytes pass freely in and out of the v 
would include the total intravascular and extravascular life of the cells. 


ascular bed, the life span so determined! 
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lationship between life span and fate of disappearance of cells obtains only 
1en cessation of production is complete or nearly complete. If production 
es not cease completely, and the remaining precursor cells continue to divide 
a normal fashion, the speed of the decrease of the leukocyte count is slowed 
wn by the addition of new cells until a new dynamic equilibrium is estab- 
hed at a lower level. The possibility also exists that partial destruction of 
ecursor cells is associated with functional abnormalities of the surviving pre- 
rsor cells, resulting in changing production rates. For example, in the dog 
IGURE 3), 150, 300, 400, and 600 r. produce a progressive decline in the granu- 
cytes over many days but at different rates. Since the slopes are different, 
ie has to assume changes in the life span, or a continuously decreasing pro- 
iction rate, or other aberrations, such as altered utilization that varies with 
e defense and metabolic needs of the animal. In cases where there is a pri- 
ary and secondary depression separated by an “‘abortive rise,” it is logical to 
sume that a temporary increase in production rate precedes the abortive rise. 
loom’s observation’ of a temporary wave of hemopoietic activity in parallel 
ith the abortive rise supports the supposition of varying production rates. 
urther experimental work is needed to assess to what extent radiation-induced 
terations of life span and utilization contribute to the shape of the observed 
ukocyte curves. 

There is no doubt that the primary cause of the postirradiation pancytopenia 
the marrow hypoplasia. The latter is produced by mitotic injury to pre- 
irsor cells. On the basis of numerous studies?! on mitotic systems that 
e more easily observed than hemopoietic tissue, it can be inferred that the 
sgree and, to an extent, the type of mitotic injury will vary with the dose of 
diation. If the level of radiation is sufficiently high, all cells in the premitotic 
1d mitotic stage are damaged to the extent that mitosis does not continue. 
1 the particular case, there is, from the time of exposure, a progressive linear 
gression from the preirradiation count. At lower doses of irradiation, mi- 
sis is inhibited for varying lengths of time in those cells that are in the pre- 
itotic phase. The cells that are in mitosis may continue to divide, and their 
aughter cells may undergo one or more divisions. Ultimately, these daughter 
Ils may die. Regeneration takes place either from those cells that were in 
1e premitotic stage at the time of irradiation, or begins again by differentiation 
nd division of the primitive mesenchymal tissue. By indirect study of 
autopsy material in Japan,*° it appeared that some of the regeneration was 
ccurring at such a primitive level. 


Modification of Leukopenia 


Sterile inflammation, induced by turpentine injections intramuscularly, has 
yng been known to produce a stimulation of granulocytopoiesis manifested by 
peripheral granulocytosis, a shift to the left in the differential count, and a 
yperplasia of myeloid elements. It has been reported'”’ that turpentine spe- 
fically decreases the intermitotic time of the myeloid series. If the primary 
efect leading to bone marrow aplasia is a prolongation of the intermitotic time 
f the myeloid series, a natural stimulus, such as sterile inflammation, might 
‘imulate the return of granulocytopoiesis. If the concepts, previously dis- 
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cussed, of the factors leading to infection and death are correct, an early retur iy 
of granulocytopoiesis should significantly increase the survival rate in thi! 
lethal dose range, as already suggested by the reduced mortality rate of animag it 
injected with bone marrow or spleen homogenates. The work of Schlang™ og i 
the stimulation of bone marrow in nitrogen-mustard-treated rabbits providedpi! 
the impetus for experiments along these lines. Injection of dogs with sterilji 
turpentine, dead bacteria, and bacterial filtrates immediately after irradiatiogpi™ 
or during the time that granulocytes remained above 1500/cu. mm. resulted h 
a prompt inflammatory response, often with the development of a fluctuant i a 
scess. In dogs that had received 400 r., an LDgo, a stimulation of granuldfil 
cytopoiesis was obtained as indicated by differences in the granulocyte countib 
of the treated and untreated dogs, illustrated in FIGURE 5, in which the rangeyiill 
in absolute granulocyte counts of treated and control dogs are plotted. Ther 
is some overlapping during the first seven days and between the 10th and 15t/ffit 
days. The somewhat earlier recovery of the granulocyte count is evident 
There were no differences in the degree of thrombopenia or anemia between thi 
groups. In these preliminary studies, the differences in survival rate are enimfil 

t 

§ 


couraging. In treated dogs, the survival rate was increased from 17 per cenip 
in the 18 controls to 50 per cent in the 18 treated animals. Lorenz and Cong 
don* injected fragments of bone, and ground homologous and heterologouifiil 
bone, intraperitoneally into mice after irradiation. The survival rate was sigil 
nificantly increased. Lorenz and Congdon interpret their data as evidence iif! 
support of a humoral factor in the bone that stimulates hematopoiesis. Wilf! 
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ggest that the inflammatory response produced by the intraperitoneal injec- 
m of ground bone may be responsible for the stimulation of hematopoiesis. 
1e recent, independent studies of Smith e¢ al.,!° in which ground glass and 
her inert particulate material was injected intraperitoneally in mice after 
adiation, showed a significant increase in survival rate. In these studies, a 
moral factor cannot be implicated and the presence of an inflammatory re- 
onse of the peritoneum can be assumed. 

In other studies, talc, portland cement, and ground heterologous bone, 
th and without turpentine, was injected intraperitoneally into rats and 
inea pigs after irradiation with graded doses. The survival rate below an 
Dao was slightly increased, even though many animals died at an early period 
ym intestinal obstruction and peritoneal abscesses. Bone marrow smears 
ggested that there was an earlier return of hematopoiesis. In addition, 
irr! has shown that the intravenous injection of pyrogens (killed typhoid 
cilli) will significantly alter the granulocyte response of rabbits to irradiation. 
he counts in the treated animals remain higher than the counts in the control 
imals. Comparable results have been obtained by Strumia ef al.1°° by in- 
cting human and rabbit leukocytic extracts into irradiated rabbits. Ingest- 
g of purified pyrogens by irradiated mice also altered the leukocyte count in a 
milar manner.!” In the studies of Farr and Strumia, the survival rate was 
yt increased. 

In contrast to the beneficial results of induced inflammation in rats and 
linea pigs, an increased mortality rate was observed over the entire lethal 
nge in a series of experiments in which talc, ground bone, and turpentine were 
jected into mice.!% Storer reported the failure of the leukocytosis promoting 
ctor of Menkin to improve the survival rate in mice. In some cases, the 
trimental effect of the inflammatory response was explained by the severe 
‘ritonitis, peritoneal abscesses, and intestinal obstruction. In other in- 
ances, the detrimental effect may be due to actual damage to marrow cells 
y early stimulation. Studies of fertilization in sea urchin eggs!®® and bac- 
ria!!° indicate that a longer rest period is needed after higher doses of irradi- 
jon before cell division can be induced without causing further cell deaths. 
milarly, a longer rest period may be needed before hematopoiesis can be 
imulated by induced inflammation. This necessity may explain the failure to 
stain a beneficial effect above an LD,o with early stimulation. However, at 
ese higher doses, the granulocytes disappear promptly, and it is not possible 
induce an inflammatory stimulus of the bone marrow. The separation and 
centration of leukocytes should now permit the induction of sterile inflam- 
atory reactions at any time interval after irradiation, thus making it possible 
. determine if the products of granulocytic exudation can. significantly stimu- 
te regeneration of granulocytopoiesis in bone marrow damaged by irradiation 
- other causes. 

To date, our own data and those of others suggest strongly that the granulo- 
‘te level in the peripheral blood and, to a limited extent, the survival rate of 
iimals can be increased by postirradiation treatment under conditions that 
iminate the possibility of introduction of an exogenous humoral stimulus or 
.e transplantation of viable hemopoietic precursors. 
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Separation and Transfusion of Leukocytes 


The first method for the separation of leukocytes was based on the fact that 
injection of turpentine produced an abscess, a leukocytosis, and an increased 
plasma fibrinogen level. The latter accelerates the sedimentation of red cells 
leaving platelets and leukocytes in suspension. With this method, leukocyte- 
platelet concentrates were prepared, transfused, and circulated in the pancy- 
topenic dog. However, the method is not practical ona large scale. Dextran, 
another large asymmetric molecule, can be substituted for fibrinogen. Certain: 
dextrans had been used by McKinney et al." to separate leukocytes on a small. 
scale. The leukocytes, so separated, appeared to be metabolically intact 
as measured by rates of oxygen consumption and glycolysis. Details of the 
larger scale separation of leukocytes by the dextran method have been pub- 
lished."2 With 500 to 600 milliliters of blood with leukocyte levels of 10,000 to 
15,000/cu. mm., suspensions of leukocytes containing approximately 5 X 10° 
leukocytes have been obtained with fair consistency. The red-cell contami- 
nation is small, except when the donor dogs are anemic, with high levels of re--} 
ticulocytes, which are not sedimented by dextran. : 

To date, there have been no acute reactions to the initial transfusion of the: 
leukocyte-platelet concentrate. After repeated transfusions with the leuko--— 
cyte-platelet suspensions, some urticarial reactions with pulmonary symptoms; 
have been seen. The precise cause of these reactions has not been ascertained. . 
They may be due to sensitization to the homologous leukocytes or platelets. | 
There has been one unquestioned case of sensitization to canine platelets." 

Following the infusion of leukocyte suspensions into leukopenic dogs, it is; 
apparent that the level of the transfused leukocytes does not promptly rise to a | 
maximum and then decrease as a function of their life span. The four-hour’ 
concentration is greater than the one-hour concentration in venous blood. An 
example of the transfusion of leukocytes is shown in TABLE 4. After the 13th 
day, very few leukocytes circulated. Whether this effect was due to iso- 
immunization was not determined. 

The transfused leukocytes have circulated in several dogs. Pathologic 
studies on sacrificed animals have shown that the transfused leukocytes will 
migrate to sites of infection and produce an inflammatory exudate. So far, } 
leukocytes have been found in impetiginous lesions of the skin, hair follicles 
(folliculitis), ulcerated tonsils, and lymph nodes of dogs that have total aplasia 
of the bone marrow. 

Whether the replacement of leukocytes will increase the survival rate has 
not been determined as yet. Superficially, it appears that replacement therapy 
would be highly impractical because of the short life span of leukocytes. How- 
ever, from the work of Smith”: ® and ourselves, it appears probable that it will 
not be necessary to maintain a very high leukocyte level in order to increase 
significantly the survival rate, provided that the transfused leukocytes are 
functionally adequate. 

The use of separated leukocytes in conjunction with inflammatory agents to 


incite inflammation and stimulate myelopoiesis in animals with hypoplastic 
marrows is under study. . 
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; TABLE 4 
TRANSFUSION OF SEPARATED WBC into A’ Doc IRRADIATED WitH 600 r 


Circulating leukocytes X 102/cu. mm. 
Day after X ray |Leukocytes X 108 inj. 
Before 1 hr. after 4-6 hrs. after 
transfusion transfusion transfusion 
5 102 8 18 
6 74 6 28 49 
7 47 11 22, 41 
8 52 10 22 44 
9 73 is 32 42 
10 77 3 19 
11 12 16 
12 46 9 12 
13 126 is 18 
14 57 4 8 
15 59 7 6 4 
16 62 2 6 4 
17 52 1 4 2 
18 0.2 3 
19 59 1 4 4 
20 69 1 2 3 
Conclusions 


(1) There are species differences in response of granulocytes to irradiation. 
_ (2) Infection is a major cause of death in the lethal range for mammals. 
(3) Susceptibility to infection is best correlated with the lowered resistance 


produced by the granulocytopenia. 


_ (4) There are various mechanisms by which the granulocytopenia and mor- 
tality can be altered. 

(5) Leukocytes can be separated, concentrated, and transfused into homolo- 
gous recipients. 

(6) Transfused leukocytes migrate to sites of infection. 
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Part III. Factors Influencing Numbers, Distribution, and Fate of 
Leukocytes 


DAILY RHYTHMS IN NUMBERS OF CIRCULATING EOSINOPHIL 
AND SOME RELATED PHENOMENA | 


By Maurice B. Visscher and Franz Halberg 
Department of Physiology, University of Minnesota, M inneapolis, Minn. 


Our interest in the problems suggested by the title of this report arose by ar 
accident of observation. We were investigating the functional activity of th 
adrenal cortex in mice in which hyperplasia and metaplasia had been induce 
by gonadectomy. Earlier studies (King, Casas, and Visscher!) had shown that. 
dietary calorie restriction in such female mice of the Z (C3;H) strain prevente 
the characteristic estrogen secretion leading to continuous subestrus, but di 
not prevent the morphologic changes in the adrenal gland. It seemed of im 
portance to determine whether the normal hormones of the adrenal cortex wer 
or were not being secreted in increased amount in the mouse with castration+ 
induced adrenal change, either in the full-fed or the calorie-restricted state.! 
Therefore, studies were made of the numbers of circulating eosinophils and off 
the adrenal gland ascorbic acid concentration as possible indices of adrenali 
activity. 

A first experiment appeared to indicate an increased adrenal cortical ac-: 
tivity in the calorie-restricted ovariectomized mice, as compared with the 
intact full-fed mice. FiGuRE 1 shows the data of this experiment. On the 
average, the eosinophil counts were lower in the operated than in the intact! 
mice. A similar difference was then seen in adrenal ascorbic acid concentra-: 
tration. Moreover, the adrenals of the ovariectomized-restricted group were 
heavier (as was to be expected). No overlap was seen between the weight} 
ranges of the two groups studied; but repetitions of the eosinophil counts on| 
corresponding groups of mice failed to corroborate the finding of the first ex-| 
periment. It became obvious that an unknown variable was playing a deter- 
mining role in the results, at least as far as eosinophil counts were concerned. A! 
review of the protocols revealed that the successive experiments were begun at} 
different times of day. 

It was recognized later that, under the conditions of these experiments, the 
inconsistency of the results may have been brought about by a lag in phased} 
between the eosinophil rhythms of the two groups. In view of the results pre-: 
sented below, it appears fair to assume that the cycle of the full-fed mice was 
synchronized with the lighting regimen and that of the restricted mice with the: 
feeding regimen. : 

A series of studies was conducted in order to test the possibility that factors; 
related to time of day are critical in determining the level of circulating eosino- 
phils in mice. The results* of such a test on mice of two sublines of the Csr¢ 
Black strain of mice are shown in FIGURE 2. The existence of a daily cycle in) 
eosinophil levels has also been noted on other strains of mice (TABLE 1), on 
rats, on dogs, and on man® but not on sheep.t The large daily variations § 
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FicureE 2. Circulating eosinophil counts in mature, male mice of subline 4 and 1 of the Cs7 Black stock at two | 
1 


out of a group of mice, one half, selected at random, would be subjected to ) 
blood study at night and the other half would be studied about 12 hours later. | 
It has been shown that venipuncture in the mouse tail brings about a signifi- - 
cant alteration of eosinophil behavior, the effect of which may be seen after a | 
period of several days,* thus making necessary more elaborate controls of the : 
effect of the sampling procedure itself when serially dependent sampling is } 
employed. 

The effect of exposure to continuous darkness was tested, in order to ascer- : 
tain whether the rhythm would persist without daily reinforcement by a light- - 
ing cycle. The fact that reversal in the latter did not immediately result in | 
phase reversal of the eosinophil rhythm suggested the probable result of the > 
test. As TABLE 3 shows, the cycle persists for at least 13 days of continuous ; 
darkness in ad libitum fed mice. | 

Although, as noted in TABLE 2, the time of feeding is not critical when food is } 
freely available for 12 hours or more per day, it can be seen from TABLE 4 that, | 
when food is limited to about two thirds of the calories ingested by mice of the } 
same age when allowed free access to food, there is a complete reversal of cycle, 
which, so to speak, turns night into day for the mouse when a limited amount - 
of food is available only by day. This reversal has not been fully established L 
at 14 days, after establishment of the feeding regimen, thus indicating a longer ; 
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“Taste 1 
Eostnopuit Ruytum in Mice or Boru Sexes, oF Vartous AGES AND Stocks WITH 
’ VARIOUS CHARACTERISTIC EOSINOPHIL LEVELS 
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. M No. of 2 
sot fifi) Sima [Sac] “hehe | mureye |e |e 
and S.E 
Males 
AxZbF, 114 Day 19 182 + 15 |} 141 + 16} 9.04 | <0.001 
; Night 19 40+ 5 
By 6 Day 14 | 1052 + 43 | 824+ 46 | 17.83 | <0.001 
Night 14>) 998) 16 
Bi 25 Day 14 736 + 97 | 435 + 113 | 3.84 | <0.001 
i Night 14 301 + 49 
Bg 6 Day 15 700 + 60 | 426+ 68) 6.25 | <0.001 
Night 13 274 + 26 
Bu 25 Day 10 678 + 61 | 221+ 85 | 2.60 0.019 
Night 9 458 + 51 
Ds 6 Day 14 297 + 42 | 201 + 47] 4.31 | <0.001 
Night 13 95 + 19 
ZDs 6 Day 14 130 + 14] 89+ 19] 4.65 | <0.001 
Night 9 41+ 8 
C3;H 6 Day 5 165 + 12 | 150 + 14] 11.06 | <0.001 
Night & 1+ 7 
Ce (I) 18 Day 8 679 + 73 | 392 + 93] 4.22 | <0.001 
Night 8 287 + 47 
Ce (II) 21 Day 17 536 + 35|126+ 47 | 2.71 0.010 
Night 17 409 + 28 
Ax 6 Day 14 169 + 15 | 1244+ 16] 7.56 | <0.001 
Night 13 43 + 7 
A 6 Day 14 166 + 21 76 + 26) 2.97 0.007 
Night 13 90 + 14 
“2b 6 Day 14 198 + 19 | 167 + 20] 8.46; <0.001 
Night 13 31+ 4 
Z 6 Day 14 1 Obeeat et 20n 2a 5.26 e000 
Night inl 60 + 13 
y Females 
ZBC (1) 144 Day 10 83 +17| 524 18] 2.94 0.010 
Night 10 314 4 
ZBC (II) 1144 Day 10 109 + 17| 67 + 18] 3.68 0.002 
Night 10 43 + 6 
ZBC (III) 4 Day 15 162°+-9205) 83 2: 26 | 3.22 0.004 
Night A 79 + 14 


838 Annals New York Academy of Sciences 
TasLeE 1—Concluded 


Mean No. of 


i ° . Diff 
Stock cae Re eres aie oud ‘SE. v | Pe 
Females 
ZBC (IV) 4 Day 8 77 + 12 41+ 12 3.50 0.003 
Night 9 36 + 4 
C3H 5 Day 5 104 + 21 76 + 25 2.97 0.018 | 
Night 5 28 + 14 
AxZbFi 16 Day 10 168 + 38 | 146+ 37 3.97 0.001 
Night 11 214 4 
Ce 18 Day 10 609 + 43 | 282 4+ 62 4.52 | <0.001 | 
Night 10 327 + 40 
Ba 21 Day 5 717 + 99 | 417 + 123 3.38 0.009 
Night 5 300 + 49 
TABLE 2 


REVERSAL OF EOSINOPHIL RHYTHM BY REVERSAL IN ILLUMINATION IN MALE CBC Mice f 
Two Montus oF AGE ON VARIOUS FEEDING REGIMENS 


Daye Time Me 

a an no. * 

pereeel Food available samp- peed: conbonn: separ t Pt 

nation 8 
0 | Ad lib. D 9 | 245 + 39 | +180 + 39 | 4.66 | <0.001 | 
0 N 10 65 + 10 
2 Ad lib. D 10 211 + 30 | +111 + 32 | 3.46 0.003 
3 N 10 99 + 12 } 
4 Ad lib. D 10 125 + 30 —52 + 32 | 1.61 0.116 | 
5 N 10 177 + 12 
8 Ad lib. D 10 123 + 19 | —214 + 49 | 4.40 | <0.001 
9 N 10 337 + 45 
8 Ad lib. during D 10 80 + 21 —131 + 36 | 3.68 0.002 
9 day (dark) N 10 211 + 29 
8 Ad lib. during D 10 78 + 19 | —209 + 30 | 6.93 | <0.001 
9 night (light) N 10 287 + 24 
17 Ad lib. during D 9 87 + 18 | —163 + 54 | 3.03 0.008 
18 day (dark) NUN O4 | o50'a 51 
17 Ad lib. during D 10 100 + 19 | —257 + 51 | 5.09 | <0.001 
18 night (light) No 10") 358 a 47 j 
0 Ad lib. D 9 373 + 58 | +290 + 60 | 4.85 | <0.001 
0 N 9 84 + 14 
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~~TaBLE 3 


EOSINOPHIL Ruytum in Ap Lipitum Fep Mate ZBC Mice Two Monrus or AGE Kept 
in Continuous DARKNESS 


- Days in |Time of Stamens Mean No. of . 
Lighting arts eye ie eoainepiils Dee he t Pt 
Continuous darkness 7 D 8 163 + 27 126 + 30 | 4.21 | <0.001 
8 N 8 37 + 14 
Alternating* light-dark 0 D af 183 + 41 144 + 44 | 3.24 0.006 
N 8 395-710 
Continuous darkness 13 D 22 210 + 23 129 + 28 | 4.60 | <0.001 
N 21 81 + 16 
Alternating* light-dark 0 D 22 256 + 32 202 + 33 | 6.12 | <0.001 
N 23 544 9 
= Light on at 06:00 hours and off at 18:00 hours. 
TABLE 4 


Errect oF Time oF FEEDING Upon EositnopHit RuoyYTHM IN FEMALE C;H MIcE 
RESTRICTED IN CALORIC INTAKE 


. Duration of |Time of M No. . 
pier | Fimgot | “feeding | sam | \oich| eosingonils | PERE | | Pe 

Restricted 09:30 45 days Deel) 42 + 9) 72 + 24 | 3.03 | 0.006 
N 7 | 113 + 31 

Restricted 18.30 102 days D 15 | 186 + 18/180 + 17 |10.69 |<0.001 
N 17 6+ 1 

Restricted 09.30 14 days D 12 62 + 9/17 + 11 | 1.53 | 0.147 
N 14 454 7 

Restricted 09:30 44 days D 4 7+ 1|/75 + 10) 7.21) 0.001 
N 5 S2ee= ee, 

Purina Fox Ad lib. | Since D 14 | 114 + 27) 89 + 30 | 3.02 |<0.006 
Chow weaning | N 12 244+ 4 


* From 08:30 hours to 09:30 hours. 


lag period than was seen with lighting changes. Mice given food ad libitum 
throughout the 24-hour period, feed much by night and are more active by 
night under the conditions prevailing in the laboratory. The calorie-restricted 
mouse, fed during the day, is very much more active than are ad libitum-fed 
mice during the day. It appears that, in some way, the eosinophil cycle is 
related to activity rhythms.? Severe calorie restriction makes the period of 
feeding an adequate timer of some fundamental rhythm in the mouse. Since 
this is not the case in full-fed mice, it is unlikely that alimentation and absorp- 
tion per se are responsible. More likely, a more subtle effect of nutrient want 
is involved, perhaps the effect of hunger upon mechanisms controlling activity 


levels. 
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Ficure 3. Persistence of eosinophil rhythm in mice ad libitwm-fed and severely restricted in dietary calories 
for several months. Serially dependent sampling. 


The data presented till now were derived from serially independent studies _ 
on mice sampled either by day or at night. It may properly be asked whether 
those particular times are optimal for diurnal cycle studies and whether the 
cycle can be observed in individual mice studied at intervals of several days at 
various times of day. Such serially dependent observations, as shown in 
FIGURE 3, were made in ad libitum-fed and calorie-restricted animals fed in the 
evening (18 :30).7. The mice were on a regimen providing for light by day and 
darkness by night. Despite some random variability it will be seen that there 
is a very regular daily high at about 8 A.M. and a low during a period of several 
hours before midnight. Furthermore, it may be noted that the amplitude of 
the cycle is not less (in fact it is somewhat greater) in the calorie-restricted 
than in the full-fed mice. It is noted that this degree of caloric restriction | 
abolished the estrus cycle of comparable groups of mice in studies by Puh-Lee 
and Visscher.® 

Since lighting cycle reversal produced a sharp reversal in eosinophil rhythm, 
it was decided to test the role of the eyes in the phenomenon. Bilateral optic 
enucleation was performed, and counts were made on blood from operated and 
from “control” mice, using serially independent sampling. The results are 
seen in FIGURE 4. In the sham-operated animals, a normal cycle persisted for | 
the duration of the study. After blinding, an inverted cycle was seen at the 
39th postoperative day, reversing again by the 47th. At 80 and 90 days after | 
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Ficure 4. Mean eosinophil levels at two times of day in tail blood from blinded and from sham-operated 
male CBC mice, during the three months following the operation. Serially independent sampling. Note that 
blinded mice (below) do not exhibit the regular behavior of sham-operated mice (above): (1) the direction of 
day-night change is reversed at 39 days after blinding; (2) the day-night difference in mean count is not signifi- 
cant statistically at 80 and at 90 days after blinding. 
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FicureE 5. The effect of bilateral optic enucleation upon mean rectal temperatures of male CBC mice. Fuic- 


URE 5A. Observations during two months following operation. FIGURE 5B. Observations during the third month 
following operation. 


blinding, statistically significant day-night differences in mean counts were not 
seen, 

These results appear to be confusing at first glance, but they are much 
clarified by consideration of some concomitant observations on body tempera- | 
ture cycles. The latter were performed because rectal temperature measure- | 
ments by means of a thermistor seemed to be less traumatic procedures than | 
venipunctures, and it was hoped that they could be carried out with less danger _ 
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hat the act of observation would vitiate, or at least alter, subsequent observa- 
ions on the same animals. 

_FIGuRES 5a and B present the records of mean rectal temperatures in sham- 
yperated and optically enucleated mice for 90 postoperative days. It will be 
10ted that the blinded mice show a shortening of cycle length, so that there is 
1 phase reversal .at about 15 days, with a return to the original phase relation- 
ship at 33 days. Furthermore, by 48 days, there is a decrease in amplitude of 
-ycle in the blinded mice, treated as a group and with the mean values plotted. 
However, when data from individual mice are studied, it is apparent that cycles 
of approximately normal amplitude existed, but that they were so randomized 
is to timing, that the mean showed no significant cycle for several days. 

_ A more refined mathematical study using the method of periodogram analy- 
is? on the data obtained during the first month after operation shows that the 
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1GURE 6. Eosinophil counts at two times of day in tail blood from blinded and from s le 
cBC mice, 96 eave after the operations. Serially dependent sampling. Note randomization of probably cyclic 
eosinophil. behavior in individual blinded mice. By contrast, the night counts of the eiemone sted ee are 
consistently lower than the day counts. FIGURE 6A (above). CBC mice. FicuRE 6B (next page). mice. 
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blinded mice have cycle lengths of about 2314 hours as compared with the 
cycle lengths of roughly 24 hours in the controls. At three months there ap- 
pears to be more randomness because some of the blinded mice still have cycle 
lengths that average less than the solar day, while other blinded mice again 
exhibit 24-hour cycles. 

These temperature observations have obvious bearings-on the eosinophil 
data mentioned previously. It is apparent that a reversal in phase may occur 
in blinded mice simply because of a shortening (or lengthening) of cycle length. 
Further, an apparent obliteration of cycle, as judged from mean values, may 
be a complete artifact due to randomization in animals in which the usually 
dominant synchronizer is lost (FIGURES 6A and B). Lighting effects through 
the eyes appear to be the dominant normal synchronizer of the 24-hour cycle | 
in mice. In the absence of this mechanism, other environmental factors may » 
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become dominant, but an intrinsic rhythm of cycle length somewhat less than 
the solar day seems to be a persistent phenomenon. Whether this rhythm 
which survives optic enucleation is inherent in the sense of being inborn, or is 
conditioned by environmental stimuli of modalities other than light is un- 
known. ‘The fact that congenitally blind mice may show a solar day rhythm 


TABLE 5 


‘Errect or BrtaTeRAL ADRENALECTOMY AND OF BILATERAL ADRENALECTOMY PLus 
GONADECTOMY UPON EostnopHiL RuytHM IN Mate CBC Mice Two Montus 


OF AGE 
Se alee No. | Mean No. corn | Difference + S.E. t Pt 
Bilateral adrenalectomy 

2 D i, 177 + 36 11+ 42 0.26 >0.500 
N 17 166 + 19 

4 D 16 315 + 50 244+ 64 0.38 >0.500 
N 15 291 + 34 

9 D 11 572 + 83 144 + 128 dd 2, 0.284 
N 11 429 + 90 

Bilateral adrenalectomy plus bilateral gonadectomy 

2 D 18 128 + 22 47 + 37 1.29 0.194 
N 16 176 + 28 

4 D 15 339 + 47 10+ 79 0.13 >0.500 
N 14 329 + 60 

9 D 7 491 + 87 39 + 124 0.31 >0.500 
N S 452 + 56 

Sham-adrenalectomy 

2 D 18 261 + 29 152 + 36 4.18 <0.001 
N 17 108 + 19 

“4 D 18 277 +.30 171+ 35 4.84 <0.001 
N 17 106 + 15 

9 D 12 230 + 34 149 + 39 3.85 0.001 
N 11 81 + 10 

No operation 

2s D 18 296 + 40 172 + 46 3.76 <0.001 
N 17 124 + 17 

4* D 17 256 + 34 149+ 37 4.00 <0.001 
N 17 107 + 11 

g* D 12 182 + 22 129 + 25 Sol) <0.001 
N 11 534 7 


* After start of experiment. 
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and that it is inverted by reversal of lighting if “seeing” mice are in the same 
room and not otherwise, indicates a dependence in such blind mice upon sense 
organs other than the eye. It does not help to decide definitely as to whether 
the basic cyclic phenomenon is inherited or acquired. Surely, the capacity for 
the cycles is independent of vision and is inherited, but it seems most likely 
that the development of a basic cycle length of approximately a solar day is 
conditioned by the repetition, at such intervals, of sensory inflow peaks in the 
developing animal. 

The precise mediating mechanisms for cyclic variations in level of blood 
eosinophils are not known with certainty. Removal of the adrenal glands in 
mice and untreated cortical insufficiency in man appear to abolish the charac- 
teristic cycle. TABLE 5 presents data on mice showing no significant day- 
night difference after bilateral adrenalectomy, with or without gonadectomy. . 
FicurE 7 shows that, in human subjects with severe untreated adrenal cortical | 
insufficiency in contrast to normal subjects, there is no significant cyclic vari- » 
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Eosinopenia of Serotonin with and without Cortisone 


SE C=17 of Cortisone Acetate 


Serotonin 


_FIGURE 8. | Synergism of cortisone and 5-hydroxytryptamine (serotonin) effects upon number of circulating 
211 blood eosinophils. Tests in CBC mice of both sexes during ascending phase of daily rhythm. SE = + 
tandard error. 


tion in mean eosinophil counts as a group phenomenon.’ Furthermore, since 
compounds E and F produce eosinopenia, it is easy to suggest that their in- 
reased output, at certain times of day, produces the characteristic morning 
osinopenia in man and the corresponding night low in mice. However, the 
roblem may not be so simple, because other factors may easily be of equal 
mportance. Recent observations by Halberg'® show that serotonin sharply 
otentiates the eosinopenic action of cortisone. F1cuRE 8 demonstrates this 
ffect clearly. Since serotonin is a substance known" to be in relatively high 
oncentration in nervous tissue, the possibility must not be ignored that it may 
e liberated under certain circumstances and exert a hormonal action. This 
servation also points up the fact that biological “assays” are obviously un- 
eliable unless performed with highly purified materials, if potentiating sub- 
tances for the material to be assayed are present. Thus, one cannot with any 
ssurance use, for example, the eosinopenic action of blood as a measure of its 
1-17 oxysteroid content, unless the presence of potentiators is first excluded; 
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but biochemical measurements of hydroxycorticoids in blood and in urine have 
revealed daily rhythms, corresponding to earlier observations on the renal 
excretions of 17-ketosteroids,!*2° neutral reducing lipids'® and uric acid, 
which are less by night than by day. Twenty-four hour periodicity has also | 
been noted for the levels of circulating lymphocytes™ and for several indices of | 
medullary adrenal function.2>?? Further work will, perhaps, elucidate the. 
exact role of neurohumors, acting against a background of corticoid activity in | 
producing the evident cycles in eosinophil levels, body temperature, and other | 
body functions and characteristics.’ 

The daily rhythms in circulating eosinophil level and in body temperature | 
are not the only, nor necessarily the more important, cycles of solar day length — 
among physiologic parameters. Diurnal cycles in salt excretion,® in mitotic 
activity,2*: 3° and even in the relative specific activity of phospholipid phos- 
phorus of defined cell fractions*! # are examples of other such rhythms. Avail- 
able evidence points to humoral mechanisms for their mediation and for their 
establishment, as a result of repetitive exposure of the individual to regular 
changes in intensity of some environmental stimulus or stimuli. For additional 
data and discussions related to these problems, the interested reader may be 
referred to other publications.? #1 
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THE SEQUESTRATION AND VISCERAL CIRCULATION OF 
LEUKOCYTES IN MAN 


By Howard R. Bierman, Keith H. Kelly, and Fauno L. Cordes 
Division of Research, City of Hope Medical Center, Duarte, Calif. 


The rapidly changing conditions of hematological equilibrium that have 
been encountered require a more dynamic approach to this problem than was } 
anticipated during the initial phases of these investigations. The definition of 
“sequestration of leukocytes,” therefore, has been expanded to encompass the b 
dynamic concept of hematologic equilibrium and to include the process of with- - 
drawal of leukocytes from the peripheral circulation, selectively or collectively; ; 
the storage, transfer, and destruction of the intact leukocyte in this site; the » 
ultimate fate and destiny of the remaining intact leukocytes; and the products 
of disruption of the destroyed leukocytes (FIGURE 1). . 

The life span of the leukocytes may be arbitrarily divided into three phases ; 
(FIGURE 2). They are (1) the hematopoietic phase—that period from the } 
initiation of the development of the leukocyte from its basic primitive cell to } 
the point at which it is delivered into the peripheral circulation; (2) the intra- | 
vascular phase—the duration that the leukocyte spends in the peripheral | 
circulation; and (3) the extravascular phase—that period of time the leukocyte _ 
spends out of the peripheral circulation in viscera or in the tissues proper. 
Although these three phases appear distinct, the boundaries are probably not 
intact and invite a free flow of leukocytes back and forth with surprising ease | 
and rapidity. 

Each type of leukocyte under discussion—be it the neutrophil, eosinophil, | 
basophil, monocyte, or lymphocyte—probably has a different life span. 
Furthermore, it is likely that the life span of the immature forms of these spe- 
cific types, if they make their way into the peripheral circulating blood, may 
also differ from those of the mature form of the same type. The life span of a 
leukocyte, therefore, does not exist per se, but would be a mean value of all the | 
cells. The free access of leukocytes to the various hematological compart- | 
ments, in all probability, influences the life span of any single cell type mate- 
rial, and renders a mean life span of all cells of lesser value than is generally 
considered. 

The extravascular store of leukocytes is extremely large in number. One can 
liken the peripheral circulating blood to the tip of a floating iceberg, in that one | 
merely sees a small part of the entire hematological picture in the peripheral 
circulation, while the major functions are in the hemapoietic and extravascular | 
regions which are beneath the surface. That this extreme variability and | 
dynamic state is present in the normal individual, but is under control, and is 
unchecked in the abnormal leukemic state may account for the wide variations | 
which are observed in the peripheral blood and tissues. | 

It has been suggested previously that the normal hematological state is a | 
reflection of the equilibrium between production and removal, and that the | 
leukemias may exhibit an unbalance between production and removal.!_ With | 
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SEQUESTRATION and VISCERAL CIRCULATION of LEUKOCYTES 
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FicureE 1. Schematic representation of sequestration and visceral circulation of leukocytes in man. It 
should be anticipated that considerable variations will occur depending upon the type and maturity of the leuko- 
cyte and the site involved. 


this extremely dynamic situation it is entirely possible that, at times, the 
balance may be in favor of production and, at other times, in favor of removal. 
Data strongly suggest that impairment of removal from the peripheral blood, 
or destruction of the tissues in the leukemias may occur more often than has 
hitherto been seriously considered.? On the basis of impaired removal it was 
predicted that the intravascular life span of the predominant leukocyte type in 
the leukemias, and perhaps the extravascular phase also, would be prolonged 
over that of the usually accepted normal figures. This prediction seems to be 
partly verified by the findings of a prolonged span of life of the lymphocyte in 
chronic lymphocytic leukemia. 

To complicate the situation further, the sites which are capable of with- 
drawing leukocytes from the circulation are many, are situated in widely 
separated locations, and possess divergent capabilities in dealing with leuko- 
cytes. To date, the lung, liver, spleen, gastrointestinal tract, bone marrow, 
striated muscle, and kidney have been implicated as leukocyte removal sites 


(FIGURE 1). 
Lung 


The pulmonary circulation was found capable of rapidly removing and de- 
livering vast quantities of leukocytes from and into the circulating blood, as 
well as storing and destroying leukocytes.*:* The accessibility of the lung for 
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Life Cycle of the Leukocyte 
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Ficure 2. The life span of the leukocyte divided into three phases. The boundaries are not intact, and a | 
free flow of leukocytes from one phase to another is probable. Although it has been generally conceded that the : 
predominant flow is from I to III, it should be emphasized that the variability in the physiological state may * 


reflect a leukocyte flow from III to IT, II to I, or III to I. 


study, with the aid of venous and arterial catheterization techniques, afforded | 
an exceptional opportunity to explore the mechanisms involved which might | 
also apply to the other removal sites. It should be stressed that the lung is | 


not the only organ involved in leukocyte removal, and that it is not character- 


istic of all removal sites.‘ The emphasis upon the pulmonary circulation | 
merely reflects the industry, interest, and singular devotion to this organ as | 


the first removal site in a methodical approach to the total problem of leuko- 
cyte physiology. 

The peripheral blood leukocyte level has been known to fluctuate rapidly. 
When samples of venous and arterial blood were obtained simultaneously 
from the pulmonary artery and the left ventricle, aorta, or a large peripheral 
artery, the leukocyte level was found to be related to the phase and depth of 
the respiratory cycle.? During the Mueller maneuver, which is the physio- 
logical counterpart of inspiration, both the venous and arterial blood leukocyte 
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levels obtained from the inflow and outflow tracts of the lung were observed to 
rise. The arterial leukocyte rise preceded and exceeded that of the venous 
samples and, consequently, the leukocytes were presumed to come from the 
lungs. 

_ When the normal expiration was exaggerated by the Valsalva maneuver, 
there was a prompt and often profound drop in leukocyte number in the arterial 
blood which persisted throughout the forced expiration. A slow rise and 
then fall was observed in the venous blood samples, if the expiration was pro- 
longed enough. The pulmonary circulation, therefore, is capable of withdraw- 
ing vast numbers of cells at a most rapid rate under these circumstances, and 
yet, upon release of the forced expiration, these large numbers of cells are 
apparently not returned to the circulation in a similar fashion. Under these 
conditions, the rate of removal of leukocytes from the blood by the lung tempo- 
rarily exceeds the rate of delivery of leukocytes by the rest of the body. The 
net result is a loss of leukocytes from the circulation. With the release of the 
forced expiration, the arterial and venous counts return to the control level 
with little, if any, overshoot. The major portion of the leukocytes trapped in 
the pulmonary circulation during the Valsalva maneuver, therefore, remain 
unaccounted for. 

The lungs of nonleukemic patients are most efficient removers of leukocytes 
from the circulation, as demonstrated by the infusion of large numbers of leu- 
kocytes obtained from leukemic donors. The results were essentially the same 
whether the leukocytes were given rapidly in a single short infusion over a 
period of 2 to 10 minutes, or administered by a prolonged infusion of tre- 
mendous numbers of leukocytes by arterial cross-transfusion over periods of 6 
to 35 hours. The normal pulmonary circulation proved capable of removing 
practically all such infused leukocytes. In contrast, the similar infusion of 
leukocytes into leukemic recipients was usually, but not always, associated with 
the passage of more leukocytes through the lung than were found with the non- 
leukemic recipients. Similar findings occurred occasionally in the nonleu- 
kemic recipient and, in subleukemic recipients, practically no infused cells 
passed through the lungs. Upon cessation of the leukocyte infusion, there was 
no compensatory rise in the arterial number of leukocytes to account for those 
leukocytes trapped in the pulmonary circulation. On the contrary, the nor- 
mal recipient in such cross-transfusions frequently exhibited a further de- 
crease in the leukocyte number some hours after the cross-transfusion was 
terminated. The prior administration of heparin in doses up to 6 mgm. per 
kilo body weight apparently made it possible for approximately 10 to 30 per 
cent of the anticipated number of leukocytes to enter the arterial circulation 
following the transfusion of large numbers of leukocytes. With the return of 
the clotting power toward normal, there was a prompt withdrawal of these 
leukocytes from the peripheral circulation (FIGURE 3) 

The withdrawal of leukocytes from the peripheral circulation can also be 
initiated by the administration of histamine.” It has been known for many 
years that the administration of histamine was associated with a leukopenia. 
Similar leukopenias have been a common finding in marked allergic states or 
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FicurE 3. Despite a clotting time beyond 24 hours, due to heparin 3 mgm./kg, only about 30 per cent of the} 
infused leukocytes passed the lung barrier. Note that more of the polymorphonuclears came through than im-! 
mature forms, yet a larger number of the latter were transfused. 


anaphylaxis.® It had always been assumed that such a leukopenia, following 
large amounts of histamine, was caused by redistribution of the leukocytes 
attributed to pooling in the splanchnic circulation due to vasodilatation. By) 
utilizing simultaneous arterial and venous catheterization and isolating the: 
pulmonary circulation between tips of the two sampling catheters, it was 
possible to show that the administration of histamine in doses as small as 0.1] 
mgm. intravenously will cause a prompt arterial leukopenia fully 60 to 120! 
seconds before the venous circulation reflects the arterial fall. Similar findings 
will occur following the administration of nicotinic acid, colloidal substances 
such as saccharated iron-oxide, plasmoid and gelatin or heterospecific blood. . 
In each instance, while the return to normal level usually occurred within a 
predictable time, there was no evidence of overcompensation with a redelivery’ 
of such withdrawn leukocytes back into the peripheral circulation, although) 
the possibility, of course, must be entertained that these trapped leukocytes; 
were returned slowly to the circulation in numbers too small for one to detect | 
accurately by counting methods. In any event, it is apparent that there are} 
many dynamic changes in leukocyte number which are occurring from one? 
moment to the next in the peripheral circulation. | 

There appears to be a constant ebb and flow of leukocytes moving into and| 
from the pulmonary circulation apparently associated with many voluntary | 
and involuntary physiological processes. This movement is reflected peripher- - 
ally as a fluctuating leukocyte count. The net result of this ebb and flow’ 
tide would appear to be a loss of leukocyte number in the lung and probably ° 
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t other withdrawal sites. The rate of removal of leukocytes in the pulmonary 
irculation in some instances exceeded 16,200 leukocytes per cubic millimeter 
yer minute. The granulocytes were almost exclusively, although not wholly, 
nvolved. ‘The total number of leukocytes involved is a function of the cardiac 
utput in addition to the starting level of leukocytes, time, efc. Although diffi- 
ult to estimate, the data suggest that large numbers of leukocytes can be 
equestered in the pulmonary circulation within very short periods. Sur- 
risingly, the control leukocyte level is reattained within 8 to 10 minutes after 
listamine administration in the nonleukemic subject, but about 60 minutes 
ollowing nicotinic acid. 

It becomes important, therefore, to determine the fate and destiny of those 
eukocytes trapped temporarily or otherwise in the pulmonary circulation. At 
east four major possibilities exist (FIGURE 4): 

(1) The leukocytes are trapped transiently in the pulmonary circulation by mar- 
‘imation and, with each respiration, equal numbers of leukocytes leave the pulmo- 
vary circulation to enter the arterial blood so that the count remains constant. The 
tudies to date, however, show that fewer leukocytes leave the lung than enter. 

(2) Some of the leukocytes trapped within the pulmonary circulation make their 
vay through the pulmonary epithelium into the alveoli, and then out through the 
putum to be excreted to the exterior. Large numbers of granulocytes are com- 
nonly found in the alveoli without any evidence of infection. Whether this is 
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Ficure 4. Three of the four possible mechanisms are depicted. The fourth possibility is concerned with 
he disruption of leukocytes within the lung (see text). 
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a major or insignificant route by which the leukocytes leave the lung has nob 
been determined. Weisberger et al.7 and Ambrus et al.* confirmed the findingy 
in man with tagged leukocyte studies in animals. Many individuals swallov 
rather than bring up sputum for expectoration. Ambrus et al.8 have found the 
gastrointestinal tract to be a second avenue of excretion of leukocytes. a | 
Studies of the sputum in patients with various types of the leukemias would 
indicate that granulocytes are present in fairly adequate numbers. In pa, 
tients with lymphocytic leukemia, while the peripheral count is almost exclu 
sively lymphocytic, the sputum usually contains large numbers of granulocytes 4 
(3) The leukocytes trapped within the pulmonary circulation make their way 
through the pulmonary epithelium into the interstitial tissues of the lung pay 
renchyma and are picked up by the lymphatics to make their way via the thoracia) 
duct to return to the venous circulation. Lymph constituents were studied fol 
lowing the canalization of the thoracic duct. Profound histamine-inducedy 
arterial leukopenias failed to show any increase in granulocyte number in the: 
thoracic duct lymph; in fact, in some instances an absolute and relative de+ 
crease in leukocyte number occurred in both the thoracic duct lymph and the} 
peripheral blood. It would thus appear that the thoracic duct is not a signifi-~ 
cant route of escape for leukocytes from the pulmonary circulation under these 
circumstances. . 
(4) The fourth possibility remains in the hypothesis that at least some of the 
leukocytes undergo disintegration in the lung, and make their way into the arterial 
circulation in forms that are not distinguishable as intact or identifiable leukocytes 
At this point, one must resort a bit to speculation, and I should like to present! 
a hypothesis which we have entertained for the past five years. It should bes) 
clearly emphasized that the data, at this time, are only circumstantial and dow) 
not constitute definite proof; nevertheless, it is important that this possibility: 
be postulated if only to discard it later in case proof is not forthcoming. : 
In 1939, Howell and Donahue® proposed the lungs as a possible source ofif} 
platelets in the dog, and that platelets were manufactured in the pulmonaryi 
circulation by the megakaryocytes frequently found there. These studies were) 
not confirmed by Fidlar and Waters in 1941.!° | 
It was subsequently found that the administration of epinephrine to patients 
with a normal pulmonary circulation was followed by a marked arterial leuko-} 
cytosis, while the venous return to the lungs was essentially at control levels 
for at least one to two minutes thereafter. This arterial leukocytosis wasi 
associated with marked thrombocytosis also apparently emanating from the# 
pulmonary circulation. It was likewise observed, on frequent occasions, that 
large numbers of platelets appeared in the arterial circulation following the in-; 
fusion of large numbers of leukocytes from patients with granulocytic leukemia., 
Similarly, there was a marked increase of platelet number in arterial blood int 
both participants following the initiation of a cross-transfusion although bothi 
patients possessed low platelet levels" (ricure 5). It would appear, there- 
fore, that the pulmonary circulation of man is capable of storing large numbers# 
of leukocytes and platelets which could be released rapidly from the pulmonary} 
circulation upon proper stimulation. | 
It is known that the chemical constituency of the platelet is similar to that off 
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FIGURE 5S. Increase in platelet number in arterial blood during and after a six-hour cross-transfusion between 
patient with granulocytic leukemia and one with lymphocytic leukemia. 


he leukocyte and that the leukocyte also contains large amounts of a thrombo- 
jlastinlike material which is presumed to be responsible for margination when 
he circulation is slowed.” It might be conjectured that platelets adherent to 
he surface of the leukocyte in the venous blood may be released in the lung, or 
-ytoplasmic fragments resulting from the disrupted leukocytes may appear in 
he arterial circulation as a plateletlike body which might account for the high 
counts recorded. Whether these plateletlike bodies are, in fact, true platelets 
yr merely appear to be morphologically similar, remains to be determined. 
Nevertheless, this phenomenon might suggest a possible end result of some of 
he leukocytes and would account, in part, for the large turnover in leukocyte 
umber the body appears to be continuously utilizing. 

It should be emphasized that the morphological appearance of the platelet 
inder fixed techniques is different from that observed under phase microscopy 
ind by supravital methods. Furthermore, there is no conclusive evidence at 
his time to substantiate whether platelets are manufactured in the lungs in the 
urrently accepted fashion, viz.; from the megakaryocyte, or merely stored 
here from other sites. The lack of megakaryocytes in the human lung would 
liscourage any serious consideration that platelets were manufactured in the 
uulmonary circulation from megakaryocytes. Furthermore, it is doubtful 
hat the large mass of platelets that would be required to double or triple the 
latelet number in the circulation for prolonged periods of time could arise 
rom the megakaryocyte in such a short time. The reservoir of platelets in the 
yulmonary circulation is not large enough to supply this number of platelets. 
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It seems more probable, therefore, that the apparent production of plateletg 
in the lung could be related to some circulatory constituent. At the present 
time, the leukocyte must again be given serious consideration; and of the leuko-4 
cytes, the adult polymorphonuclear neutrophils are most suspect. 

This hypothesis should not, in any way, be misconstrued as.a denial of the 
formation of platelets from the megakaryocyte, but rather suggests a possible 
additional method for the formation of circulating plateletlike bodies. 


Liver 


Other organs of leukocyte sequestration act in a similar though less obvious 
pattern. The liver appears to be an important leukocyte removal site although 
not as prodigious in capacity as the lung, perhaps due to the fact that the lungs 
has a greater blood flow traversing it. With the development of the portall 
vein catheterization it has become possible to isolate the liver separately i v2v0) 
as has been done successfully with the pulmonary circulation. Preliminary) 
results indicate that the liver is not as efficient as the pulmonary circulation ini 
either removal, sequestration, or delivery of leukocytes. The liver poses a more 
complicated problem for study in that it has a dual arterial and venous inflows 
route. Under the influence of histamine, marked differences in leukocyte num-+ 
bers between arterial or portal vein inflow samples have not been consistently 
found. The quantitative relations of the fate and destiny of leukocytes in the@ 


liver of man remains to be determined although the boundaries have been de+ 
fined. : 


} 
id] 


Spleen 


The spleen has generally been considered as a potent leukocyte sequestrationi 
site. It should be realized, however, that much of the experimental data upon 
which this premise has been based was obtained from studies on the dog. Upon 
closer scrutiny of the anatomy of the human spleen, it can be found that there 
are no active contractile muscular components of the splenic capsule in com-#} 
parison to the heavy muscular coat of the spleen of the dog. The spleen i 
man has proved to be not as efficient as the pulmonary circulation or the liven 
in the removal, storage, or promptness of delivery of leukocytes back into the 
circulation. | 

The leukocytosis observed following the administration of epinephrine# 
associated with a prompt decrease in size of the spleen has been repeatedly em-: 
ployed as a test for estimating the capacity of the spleen as a leukocyte res- 
ervoir."* Utilizing the simultaneous arterial and venous catheterization tech-: 
nique, it was possible to administer epinephrine directly into the spleen in dosess 
of 0.1 to 0.3 mgm. within a period of 30 seconds. The administration off 


cytes and platelets from the pulmonary circulation appeared in the peripherall| 
blood. Two to five minutes later, a slow and gradual rise in leukocyte number} 
appeared in samples from the hepatic vein which, however, never approached} 
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he leukocytosis that was observed from the pulmonary circulation. The 
tudies on the capacity of the spleen to deliver leukocytes back into the circu- 
ution to act as a reservoir for leukocyte number in man was performed in pa- 
ients without obvious splenic abnormalities and, therefore, such interpreta- 
jons can apply only to the normal spleen. It should be emphasized, moreover, 
hat such findings may be entirely different in the spleens of patients with 
arious blood dyscrasia, particularly hypersplenism. 

It has always been difficult to explain why the spleen is placed anatomically 
o that it receives arterial blood, yet its drainage pours directly into the portal 
irculation for further transfer through the hepatic circulation, a situation 
vhich seems to be reserved for organs primarily related to the processes of di- 
estion. A distinct relationship between the spleen and the liver has been often 
ybserved in Banti’s syndrome and in situations related to portal hypertension. 
\side from portal hypertension, however, there are no distinct relationships 
yetween the spleen and the liver that have been previously reported. 

Splenectomies in the leukemias have been performed on many occasions with 
xcellent results being reported in lymphocytic leukemias. Such good results, 
lowever, are not usually enjoyed in patients with granulocytic leukemia. It 
as been possible to observe three cases (patients with granulocytic leukemia 
vith splenectomy) in which careful studies could be made, and nine similar 
ituations were extracted from the literature.’ 

A typical case was that of a 15-year-old girl who had chronic granulocytic 
eukemia for three years. At first X-ray therapy apparently gave good 
esults. Subsequently, however, she proved more and more refractory to 
oentgen therapy. As the disease progressed, her spleen became larger and 
ventually filled the entire left abdomen, causing great discomfort. Splenec- 
omy was entertained and, despite our contrary advice, it was performed. 
mmediately after the splenectomy, a leukocytosis occurred consisting primarily 
£ immature forms in the peripheral blood which had rarely appeared before. 
\fter a week or two, however, the leukocyte number and immature cell level 
ell but not quite to the original presplenectomy level. Then, despite repeated 
courses of X-ray therapy, the leukocyte count began to appear in the peripheral 
lood associated with an increase in the size of the liver. Within a period of 
wo months, the liver had increased approximately four times the size it had 
yeen before the splenectomy. Marked tenseness in the liver appeared, with 
enderness and constant discomfort of the patient. Subsequently, a marked 
rogressive elevation in the leukocyte count was observed with a predominance 
f immature leukocytes. The patient failed rapidly and died in myeloblastosis. 
Phis picture was characteristic of two other patients who were observed and 
oincided with the nine other instances derived from the literature (FIGURE 6). 
While it is felt that these patients, of course, may not by any means be typical 
f all patients with granulocytic leukemia following splenectomy, the course of 
vents may merely reflect a peculiar form of the disease that was observed. 
Jevertheless, it demonstrated that the spleen was operating in tandem or in 
ollaboration with the liver. When the spleen was removed, the entire burden 
f its activities may have been thrust upon the liver; particularly, in this 
nstance, the removal of leukocytes. It can be speculated that, as long as the 
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FicureE 6. Course of events in a 15-year-old girl with granulocytic leukemia following splenectomy. Note » 


the progressive increase in size of the liver in association with a tendency toward leukocytosis. The marked 
terminal myeloblastosis apparently appeared at the time when the liver size reached its maximum. 


liver could enlarge and maintain its capacity for withdrawal of leukocytes, the +f 
peripheral leukocyte level did not rise appreciably. As the liver reached its }} 
maximum size, however, its capacity for leukocyte removal was unable to in- | 


crease any further, and the mechanism for leukocyte removal decompensated, 
as demonstrated by the gradual increase of immature forms in the peripheral 
blood which eventually led to demise of the patient with the peripheral blood 
almost completely myeloblastic. This condition would suggest a coordinated 
effort of at least two of the entire group of removal organs in the apparent at- 
tempt of one to take over the function of another. It is highly probable that 
all the removal organs and sites act in conjunction with one another. 


Capillaries in Striated Muscle 

Studies on the vascular bed of an extremity have shown a capacity for re- 
moving leukocytes intermediate between that of the lung and the liver. Un- 
der the influence of arterial infusion of histamine or gelatin, the returning venous 
leukocyte count will decrease before the arterial count, thus indicating a seques- 
tration of leukocytes in the extremity. The granulocytes are again primarily 
involved. The perfusion of large numbers of leukocytes into the lower ex- 
tremity, however, failed to demonstrate effective removal of leukocytes and the 
anticipated number was found in the venous blood." It would appear, there- 
fore, that the capillaries in striated muscle must be stimulated to remove leu- 
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ocytes in contrast to the pulmonary circulation which removes leukocytes 
oth during direct infusion and also after stimulation by histamine. 

These findings of removal organs and the capacity for storage and prompt 
eturn into the circulation are merely reflections of the extremely dynamic he- 
aatological condition which exists in man. Other data indicate that large 
umbers of leukocytes are being manufactured constantly, and that an equiva- 
snt number of leukocytes is being removed from the circulation in an equal 
eriod of time if the total count remains constant. Tltere are apparently many 
reas of storage of large numbers of leukocytes in organs and in the tissue 
roper. ‘This extravascular pool is a prodigious one. The intravascular and 
xtravascular circulation are both actively and intimately related to the mecha- 
isms for the destruction of leukocytes and reutilization of their products either 
or remanufacture of leukocytes, building other tissues, or in the general body 
netabolism. Similarly, various removal organs such as the lung via the spu- 
um, gastrointestinal tract via its lumen, the liver via the biliary system, and 
he kidney via the ureters have direct access to the exterior for such products 
f leukocyte disintegration or intact leukocytes which, summed up, would make 
ip a sizable route of excretion of leukocytes. The mechanism of sequestration, 
herefore, apparently plays a purposeful role as an integral part of the physi- 
logy of the leukocyte in normal man, and its equilibrium can be profoundly 
listurbed in certain disease states, such as the leukemias. 

It is an engaging fact that the leukocyte level in the normal subject remains 
© constant from day to day. Despite the many environmental influences 
yhich may cause physiological leukocytosis and a leukopenia, the fluctuations 
realways transient, and the daily mean leukocyte number remains remarkably 
onstant. This finding is not true of patients with any of the leukemias. In 
he latter there is definite impairment of the rate and capacity for leukocyte 
emoval or delivery, and of the ability to maintain a rigid leukocyte level during 
r following the physiological stimuli which causes the leukocyte level to rise 
r fall. There is no proof, however, that this impairment of the hematological 
emostatic mechanism is the cause, the result, or merely coincidental to the 
eukemic process. 

The mechanisms for sequestration of leukocytes are complex and diverse, 
s they are located in many sites throughout the body, ill-defined as they are as 
et in the mode of performance, and delicately balanced as they are against one 
nother, all apparently for the single purpose of maintaining the hematological 
lance. That this balance is disturbed in some blood dyscrasias, namely, the 
sukemias, is evident. The mechanism and the significance of the disturbance 
may be an important factor toward the eventual solution of this problem. 
‘hat possibility is for future work to decide. 


Summary 


The hematological state in normal man has been characterized as an ex- 
remely variable, yet dynamic, equilibrium between the production and de- 
very of leukocytes, their removal, and their destruction. In normal man, 
his equilibrium is constantly undergoing changes to counteract the physiologi- 
al alterations produced by many environmental and involuntary events. The 
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extremely stable leukocyte count in the peripheral circulating blood attests to 
the excellence of this balanced state. In the leukemic state, this balance is 
impaired; at certain times, in favor of production and delivery and, at other 
times, in favor of the removal and destruction within the hematopoietic sites, 
the peripheral blood, or the extravascular tissues. The variability of the cir- 
culating life span of the leukocyte reflects these various states of imbalance as 
confirmed by the prolonged life spans of specific leukocyte types in the leu- 
kemias. Data have also been presented to demonstrate the mechanisms of | 
removal of leukocytes in normal and leukemic individuals under both physio- 
logical and pathological situations. It has also been shown that certain leu- 
kemic patients, at times, are capable of withdrawing leukocytes from the periph- } 
eral circulation in an equally effective capacity as the normal subject. 

A hypothesis suggesting an additional method for the formation of platelets 
has been presented; namely, the formation of platelets from the granulocyte 
in the pulmonary circulation. 

It was also suggested that the sequestration of leukocytes in the various or- 
gans will differ with the various types of leukocytes in question and their ma- 
turity. It is also apparent that, despite the selectivity of various tissues for } 
sequestration, all the removal organs work in collaboration with one another ° 
for the removal of leukocytes from the peripheral circulation. | 
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STUDIES ON LEUKOCYTIC SECRETORY ACTIVITY* 


By Kenneth M. Richter 
Department of Anatomy, University of Oklahoma School of Medicine, Oklahoma City, Okla. 


Introduction 


~The thought that leukocytes have a secretory function is not new (Renaut, 
1907; Ranvier, cited by Renaut, 1889; Metchnikoff, 1905). In the past few 
decades, the idea in some form has recurred periodically (Carrel, 1922, 1924; 
Carrel and Ebeling, 1922a, 1922b; Sabin, 1923; Kruschov, 1945; Grand, 1949). 
There is much evidence implicating the lymphocytes, monocytes, and plasma 
cells in the production of antibodies (Fagreus, 1948; Burnet and Fenner, 1949; 
Hartley, 1940; Sabin 1938, 1939; Dougherty, Chase and White, 1944, 1945), 
and Burnet and Fenner have pointed out (1949) that the neutrophiles and eosin- 
ophiles have been neglected in discussions of antibody formation, yet both need 
to be considered in any adequate account. 

The bulk of the evidence suggesting leukocytic secretory function has been 
indirect, being based on physiologic data and accompanied by incomplete 
supplementary corroborative morphologic data; yet both morphologic, physi- 
ologic, and chemical data seem essential to the ultimate elucidation of leuco- 
cytic secretory function. Before going further into the question of leukocytic 
secretory activity per se, it seems necessary, therefore, to consider briefly what 
are, in typical glandular cells, the established criteria of secretory activity, the 
protoplasmic organelles most intimately concerned with secretory activity, and 
the morphologic characteristics of intracellular secretion products. 


I. The Morphologic Characteristics of Secretory Activity in General 


It is beyond the scope of the present paper to attempt even a minor review 
of the abundant literature or even to trace-the historical development of ideas 
bearing on the many facets of the secretory phenomenon. For this, the in- 
terested reader is referred to the very excellent reviews of Bowen (1929), Daw- 
son (1942), Hibbard (1945), Hirsh (1939), Kirkman and Severinghaus (1938), 
and Renaut (1907), bearing on the cytology of glandular secretion. It is ad- 
mitted that important aspects of the secretory phenomenon are incompletely 
understood and, in many respects, unknown, that points of view differ as to 
what does or does not constitite a secretion product, or even secretory activity 
versus pathologic degeneration; that it is not altogether evident where the line 
should be drawn, even for purposes of discussion, between secretory phenomena 
and those intracellular processes having to do with cell maintenance and differ- 
entiation phenomena of the cellular or protoplasmic units. Nevertheless, with 
a few doubtful exceptions as pointed out by Bowen (1929) and Dawson (1942) 
and others, a few tangible, morphologically discernible, and physiologically 
demonstrable features have evolved which are characteristic of secretory ac- 
tivity in its entirety as it is manifest by exocrine glands and the majority of 
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endocrine glands. Secretory activity, no matter how broadly or how narrowly 
it is considered, (1) is a process of living cells; (2) it involves a morphologically 
discernible phase of elaboration of a product; (3) it involves a morphologically 
variable but discernible phase of accumulation and maturation of product; (4) 
it involves the discharge or some other kind of removal of the product from the | 
cell; and (5) it is cyclic in character, this cycle being passed through just once, | 
as in the case of the holocrine gland cells or, repetitively, as in the case of the | 
merocrine and apocrine types of glandular cells (Greep, 1954; Dawson, 1942; | 
Bowen, 1929, 1926, 1924; F. Schultze, 1867; Renaut, 1907, and others). 

It is therefore essential, in any discussion of leukocytic secretory activity, to | 
consider the morphology of secretion products. Although other workers had | 
described various intracellular secretion products, Renaut (1907) was the first | 
to attempt to systematize secretory activity and to characterize its products. | 
While his interpretations were conjectural in part, and while he erred in certain | 
instances as to the mode of origin, growth, and identity of the products, his | 
general descriptive treatment of the products is classical and is equally ap- | 
plicable today as then. Renaut recognized three distinct types of secretory _ 
activity, each characterized by a morphologically distinct type of secretion 
product. The first and most simple type he termed plasmocrine. It is char- 
acterized by the elaboration and growth of homogeneous fluid droplets or 
vacuoles which he thought to be basically comprised of water and salts (ex- 
emplified by thyroid and pituitary cells, D’Angelo, 1941; Payne, 1940; para- 
thyroid, De Robertis, 1940). The second type, rhagiocrine (exemplified by the 
majority of exocrine glands, such as the pancreas, parotid, and lachrymal 
glands, Bowen, 1929) is characterized by the formation and growth of vacuolar 
or fluid droplets containing grains of segregation of variable character from one 
species of cell to another which, during growth and maturation, could com- 
pletely fill the vacuolar component (Payne, 1940, granular signet ring vacuoles). 
Renaut’s third type, the lipocrine, is characterized by the formation and growth 
of simple, discrete fat or lipoid droplets at certain points in the cell (Bennett, 
1940, adrenal; Bowen, 1929; Renaut, 1907). It is significant that Renaut 
recognized that all combinations of these types could occur simultaneously in | 
the same cell (Payne 1940). While it has been claimed that all secretory prod- | 
ucts may not be morphologically discernible within the cell, this claim is gen- 
erally considered to be unlikely (Bowen, 1929) and due to incompleteness of 
data (Dawson, 1942). It is possible that the cytoplasmic sloughing of mono- 
nuclears described by Downey (1913), Sabin, (1938, 1939) and Dougherty, 
Chase, and White (1944), and possibly by Engelbert (1953) may be exemplary 
of specific products which are not morphologically discernible within the cell; 
although Sabin did not consider such sloughed-off bits of cytoplasm as a se- 
cretion (1939). In these instances, it would seem that further precise cytologic 
studies are indicated, It is the plasmocrine type which most generally concerns 
us here in the question of leukocytic secretory activity. 

A sixth feature of the secretory phenomenon, stated broadly, is that secretory 
activity is accompanied by morphologic change in protoplasmic organelles or 
components other than the product; although which organelles change, and the 
extent and character of such changes are variable from one species of cell to 
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another (Bowen, 1929; Dawson, 1942; Severinghaus, 1933; Saguchi, 1920; 
Hirsch, 1939; Hibbard, 1945; Gatenby, 1931; Lavdovsky, 1877; Caspersson, 
1947). While no one would deny that secretory activity must depend upon the 
combined integrated functioning of all parts of the cell; e.g., nucleus, nucleoli, 
mitochondria, golgi complex, cytoplasmic ground substance, protoplasmic mem- 
branes, efc., it has not been possible, so far, to define clearly the particular role 
of each cellular component, if any, in the various phases of the secretory phe- 
nomenon. It has to be admitted that the vast bulk of experimental, physio- 
logic, and morphologic data implicate the golgi complex as being most inti- 
mately concerned in the secretory phenomenon, (Bowen, 1929, 1927, 1926, 
1925; Baker, 1950, 1951; Uhlenhuth, 1934; B. L. Baker, 1942; Worley, 1944a, 
1944b; D’Angelo, 1941; Hirsch, 1939; Kirkman and Severinghaus, 1938; 
Hibbard, 1945; Gatenby, 1931, 1951), although precisely how, is, in the main, 
conjectural. At the same time, other evidence indicates that nucleoli (Cas- 
persson, 1947, 1950) and mitochondria (Haurowitz, 1953) are also involved. 


Il. Status of the Nucleolar System in Leucocytes 


The nucleolar system, for many years, has been thought to be involved some- 
how in secretory activity, either directly (Bowen, 1929) or indirectly via the 
involvement of nucleic acids in protein synthesis (Caspersson, 1947, 1950, and 
others). According to the Caspersson mechanism (1947, 1950; Thorell, 1944), 
a reduced or absent nucleolar system is indicative of reduced protein synthesis 

whether it be associated with growth or secretion. 

The greater part of the workers are in general agreement that the majority 
of all varieties of lymphocytes, except the small variety generally, possess nu- 
cleolar material (Downey, 1930; Hall, 1938; Bloom, 1938; Richter, 1942). 
In the granular leukocytes, it is generally agreed that the immature forms, 
myeloblasts through myelocytes, possess a well-developed system of large nu- 
cleoli of characteristic form and number (FIGURES 2 to 4), (Butterfield, 1907 
and Schridde, 1907 cited by Thorell, 1944; Brugsch and Schilling, 1908; Naegeli, 
1931; Downey, 1928, 1930; Noel and Pigeaud, 1930; Richter, 1942). Mature 
granulocytes also have a well-developed nucleolar system which differs from 
that of the immature forms in being dispersed as small granules imbedded in 
the chromatin masses, and it has been shown (Richter, 1942; Parrisius and 
Schlopsnies, 1927; Schilling, 1929) in human circulating neutrophiles under 
various experimental conditions, that the dispersed granular nucleoli could 

_undergo aggregation and fusion to reconstitute nucleoli which, in number, size, 
shape, and staining reaction, are identical with those occurring in the immature 

“forms and myeloblasts. Thorell (1944), in studies of the Caspersson mecha- 
nism in differentiating granulocytes, shows U-V absorption photomicrographs 
of the nucleoli in mature and immature granulocytes in the rat which are pre- 
cisely like those described previously (Richter, 1942). Curiously, however, 
he interpreted his findings as indicating a reduction and final disappearance of 
nucleoli during the maturation of granulocytes (FIGURES 8, 22, Do) 

In view of the evidence, it seems possible to conclude only that the majority 
of the leukocytes, with the possible exception of the small variety of lympho- 
cytes, have a well developed and characteristic nucleolar system. 
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It is interesting, in this connection, to note that Kossel (1894, cited by Metch- 
nikoff, 1905) expressed the view that nucleic acid was secreted by the cell nu- 
cleus and accumulated in the vacuoles of the phagocytic leukocytes. He also 
reported a bactericidal effect of nucleic acid. LaCour (1944) and Discombe 
(1946) have described the extrusion of heterochromatin granules from the 
nuclei of mature granulocytes. Koller (1947) has suggested that this expul- 
sion may well be a mechanism of maintaining the high nucleic acid content of 
the cytoplasm of these cells. | 


Ill. Mitochondrial Content of Leukocytes 


Brief mention should be made of the mitochondrial content of the several | 
species of leukocytes; especially so, in view of the possible role of these bodies | 
in protein synthesis and in the synthesis of antibodies (Haurowitz, 1953, | 
Crampton and Haurowitz, 1950, and others) and to the secretory phenome- | 
non generally. | 

Mitochondria are present in the mononuclears as short rods, sometimes gran- | 
ules, or filaments, whether visualized supravitally by Janus green, by phase 
microscopy (FIGURE 10), or conventional mitochondrial preparations of fixed 
cells (Maximow, 1909, 1928; Schridde, 1907; Butterfield, Heineke and Meyer, 
1909; Cunningham, Sabin and Doan, 1925; Bloom, 1938; Richter, 1942, 1951, _ 
1952a, 1952b; Dubreuil, 1913). 

In the granulocytes, mitochondria are generally considered to be present in | 
the immature forms as short rods (Butterfield, Heineke, and Meyer, 1909; 
Downey, 1928; Schilling, 1929; and others). In the mature forms, the mito- 
chondria have been reported to be reduced in number and sometimes lacking, 
although the majority of workers regularly identify them in supravital prepara- _ 
tions (Cowdry, 1914; Bunting, 1938; Cunningham and Tompkins, 1930; 
Tompkins and Cunningham, 1938; Sabin, 1923; Schwind, 1950; Richter, 1942). 

It would seem that all varieties of leukocytes normally contain mitochondria, 
but that the number varies from one cell species to another. . 


IV. The Status of the Golgi Complex in Leukocytes 


The golgi complex, ever since its discovery, has been a subject of such heated — 
controversy (Palade and Claude, 1949a, 1949b; Bensley, 1910, 1951; Gatenby, 
1931, 1951; Bowen, 1929a, 1929b; Worley, 1944a, 1944b, 1951; Hirsch, 1939; 
Nassonov, 1923; Dalton, 1953; Parat and Painlevé, 1925; Gresson, 1952; 
Baker, 1944-1945) that I approach a discussion of it in the leukocytes with con- 
siderable reluctance. 

Descriptively only, and without any connotation as to the chemical compo- 
sition of the golgi complex, the bulk of the past and current literature supports 
the idea that this complex generally is of a duplex structure, being comprised 
of an osmiophilic or argentophilic component (the chromophile of Worley, the 
apparate externum of Hirsch, the dense lipoid-containing substance of Baker), 
and an osmiophobic or argentophobic component (the idiosome or idiosomal 
part of Bowen, the chromophobe of Worley, the apparate internum of Hirsch, 
the diffuse lipoid-containing substance of Baker: Hirsch, 1939; Bowen, 1929, 
1926, 1925; Worley, 1946, 1951; Meves, 1896; Baker, 1944-1945; Sosa, 1949), 
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2 hese two components may (1) be morphologically distinguishable side by 
side within the same golgi structure (Uhlenhuth, 1934; Richardson, 1934; 
Hertwig, 1929; Dalton, 1953; Worley, 1944, 1946; Richter, 1940, 1942), or (2) 
‘so associated as to be spatially indistinguishable from each other within the 
same golgi structure (Richter, 1938, 1940; Hirsch, 1939; Kirkman and Severing- 
haus, 1938), or (3) as completely separate, morphologically discrete bodies 
(Richter, 1938, 1940, 1942; Pantel and De Sinety, 1906; Payne, 1927). There 
a showing various intergradations between these three types (Richter, 

In the lymphocytes and, by means of classical golgi techniques, the osmio- 
phile golgi substance has been described variously as granules oriented about 
the centriole (Ito, Takahashi, and Mizutani, 1938; Maximow, 1928a), or as a 
small compact reticulum eccentrically located near the nucleus (Deineka, 1912, 
Cowdry, 1921; von Bergen, 1904; Richter, 1942). In the larger varieties of 
lymphocytes, the osmiophile golgi substance comprises more than a single, 
compact, reticular, or vesicular structure, there being several golgi bodies vari- 
ously disposed about the nucleus (Estable, 1931; Richter, 1942; Ehrich, 1934). 
The osmiophile golgi substance also has been shown to enclose a central osmio- 
phobe golgi mass in these cells (Dawson and Spark, 1929; Estable, 1931; 
Richter, 1942). ‘This duplex and essentially vesicular character of the golgi 
complex in the lymphocytes can be demonstrated in the living cells by phase 
contrast microscopy (FIcuRES 1, 4) (Richter, 1951, 1952; Bessis, 1949b). 

The golgi complex in the monocytes, as demonstrated by classical golgi tech- 

“niques (Ehrich, 1934; Dawson and Spark, 1929) and, by phase contrast mi- 
croscopy (Richter, 1951, 1952a, 1952b; Hoffmann and Rottino, 1950), is not 

essentially different from that of the large varieties of lymphocytes (FIGURE 10). 

In general, it would seem that, in the lymphocytes and monocytes, the golgi 
complex represents a system of the above-mentioned first type in which the 
classical osmiophile and osmiophobe components are morphologically or spa- 
tially distinguishable within the same golgi structure, of which there may be 
one or several per cell, depending upon the cell species and variety. 

In the eosinophiles, according to Cowdry (1921), certain of the classical golgi 
techniques sometimes revealed a small juxtanuclear, osmiophilic golgi struc- 
ture. More frequently, it was the specific eosinophilic granules which were 
revealed, and this showing was true, also, for the basophiles in which a juxtanu- 
clear net was not seen. Dawson and Spark’s findings (1929) were similar. 

_In unpublished studies of my own on a case of eosinophilic leukemia, it was also 
the eosinophilic granules which were revealed by the classical golgi techniques. 
~The granules generally showed a central osmiophobic mass and an enclosing 
osmiophilic component. The same duplex character is shown by the eosino- 
philic granules in living cells by dark-contrast-medium phase microscopy 

(gIGuRE 5) (Bessis, 1949a), after staining by Sudan black B (Bloom and Wis- 
locki, 1950) and, by elctron microscopy (Aleksandrowicz, Blicharski, and Felty- 
nowski, 1952). It would seem, on the basis of the evidence obtained generally 
by classical golgi methods and confirmed by histochemical methods, and by 
phase microscopic studies of the living cells, that there is no consistently de- 
monstrable osmiophilic juxtanuclear golgi structure present, in the eosinophiles 
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certainly, and possibly in the basophile also, and that, when this structure is 
revealed, its showing is due to a clumping of a few impregnated eosinophilic 
granules in the region of the cytocentrum, as suggested by Dawson and Spark 
(1929). 

In view of the circumstances, it seems necessary to suggest that the eosino- 
philic granules collectively comprise an extensive but disperse type of golgi 
complex in which each granule is constituted of an osmiophilic and an osmio- 
phiophobic part, in a manner precisely like that obtaining in the several varieties 
of lymphocytes. eyed 

In the neutrophiles, several workers have demonstrated osmiophilic golgi 
substance by classical golgi methods (von Bergen, 1904; Cowdry, 1921; Estable, 
1931; Ehrich, 1934; Richter, 1942). The bulk of the evidence indicates that 


whie there is in the mature neutrophile a small juxtanuclear structure in the | 


region of the nuclear concavity, it is also continuous as a much attenuated com- 
plete perinuclear structure most intimately conforming to the shape of the 
nuclear segments (FIGURE 6). It has been shown, too, that under certain cir- 
cumstances the entire perinuclear structure may undergo confluence and form 
a single compact osmiophilic structure eccentrically situated on or about the 
nucleus (Richter, 1942); see FIGURES 7,9. This structure is also demonstrable 
in the living cell with the phase microscope as a somewhat clear, irregularly 
attenuated, juxtanuclear or perinuclear mass (FIGURES 22, 23, 30). The latter 
structure also has been observed by Bessis (1949a) although he did not recog- 
nize it as such. No osmiophobe substance has been described in this particular 
structure. 

Some workers in the past have considered the neutrophilic granules (as well 
as the eosinophilic and basophilic granules) variously as special secretory prod- 
ucts (Renaut, 1889; Bunting, 1928; Noel and Pigeaud, 1930), as derivatives 
somehow of mitochondria, or as of extracellular origin (Bunting, 1928; Sabin, 
Austrian, Cunningham, and Doan, 1924). At this time, the facts seem not to 
warrant these interpretations. It was suggested (Richter, 1942), on the basis 
of certain cytophysiologic considerations and others, that the neutrophilic 
granules of the polymorph may be fundamentally equivalent to the osmiophobic 
component of the lymphocytic golgi complex and to that of other tissue cells. 
First, there are mitochondria present in these cells, even though they are re- 
duced in number (Richter, 1942; Bloom and Wislocki, 1950; Cowdry, 1914; 
Tompkins and Cunningham, 1938; Schwind, 1950; Dawson and Spark, 1929; 
Hall, 1938, 1931, and others). Second, the specific granules during their genesis 
first appear in the region of the myeloblastic golgi complex, as reported by 
Ehrich (1934), Simpson and Deming (1927), Maximow and Bloom, (1930), 
Schilling (1929). Third, the golgi complex of the myeloblast is clearly visible 
with the phase microscope as a discrete juxtanuclear body (Greep, 1954). 
Although the precise details on this point are much in need of clarification, the 
genesis of the specific neutrophilic granules and of the perinuclear osmiophilic 
golgi structure, and their relations to each other in the living cell are strikingly 
like those shown by the golgi complex during spermatogenesis in Notonecta 
(Pantel and De Sinety, 1906; Richter, 1940). In Notonecta, briefly put, and 
starting with a golgi body precisely like that occurring in the small lymphocytes 
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(IcurREs 1, 4), the osmiophilic and osmiophobic components separate from each 
other at the beginning of the growth phase to form a single discrete osmiophilic 
body and a discrete osmiophobic body. The former differentiates into a juxta- 
nuclear and, finally, a perinuclear osmiophilic structure. The osmiophobic 
body, through a series of alternating growth and constriction processes, gives 
rise to numerous, small osmiophobic corpuscles widely distributed in the general 
cytoplasm. Fourth, it seems pertinent, as demonstrating a possible common 
cytophysiologic bond between the specific granules and the golgi complex, to 
note, as determined by U-V fluorescence microscopy, that the carcinogenic hy- 
drocarbons, benzpyrene, dibenzanthracene, and methylcholanthrene, are es- 
pecially localized by living leukocytes in the specific granules of the granulocytes 
and in the golgi complex of the mononuclears, and that their distribution in 
these structures seems to coincide well with the osmiophobic component in 
each instance (FIGURES 2, 3, and 27, 28: Richter, 1952). The same thing is 
true of other tissue cell types which I have examined. Fifth, Wallgren, in a 
most interesting series of papers (1951, 1946a, 1946b) relates the specific gran- 
ules to a fundamental double-droplet cytoplasmic structural system. This 
system, as he has observed it by dark-field illumination in the living granulo- 
cytes (particularly evident in the eosinophiles), consists of (1) dark droplets 
which he recognizes as specific granules, and of (2) luminous (pale) smaller 
droplets which he recognizes as (3) tiny vacuoles imbedded in a pale slightly 
luminous matrix or hyaloplasm. Wallgren describes precisely the same system 
as comprising the golgi complex of the normoblast, megaloblast, plasma cell, 
and lymphocytes. It seems certain, in the case of the eosinophiles and mono- 
nuclears, that Wallgren’s dark droplets coincide well with the osmiophobic 
component, and that his slightly luminous matrix coincides with the osmio- 
philic component of these structures. Wallgren has described the matrical 
component of the golgi complex in mononuclears as changing shape rapidly and 
of extending processes into the cytoplasm. I have recorded similar changes in 
configuration of the perinuclear osmiophilic golgi component in living neutro- 
philes by cinematography in combination with the phase microscope (FIGURES 
22, 23). It is significant to note here, in connection with the neutrophile as 
recorded by motion pictures, that the only formed components which are seen 
to be chacteristically associated with the perinuclear osmiophilic golgi structure 
(equivalent to Wallgren’s matrix or hyaloplasm) are the specific neutrophilic 
granules. 

It seems necessary, in view of the evidence, to suggest that, in the neutro- 
phile, the specific granules functionally and morphologically are equivalent to 
4he conventional osmiophobic golgi component and that, in these cells, the two 
components are present as morphologically separate and discrete structural 
systems, as in the third type of golgi complex mentioned earlier. This sug- 
gestion should not be taken to mean that the two components are without 
functional interdependance or that, during the normal course of events, they 
do not get together, for it can be demonstrated in the living neutrophiles that 
the specific granules, in the course of cytoplasmic streaming, do establish con- 
tacts with the perinuclear osmiophile golgi structure. 

Cytoplasmic vacuoles or droplets (known variously as secretory vacuoles, 
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mal vesicles, segregation vacuoles, degeneration vacuoles) have been the 
sje idenerallg0t much study (von Méllendorff, 1937, 1938; Kedrowski, 
1932, 1934, 1935a, 1935b; Dustin, 1941, 1944, 1947; Heinz, 1890; Giirber, 1890; 
M. Schultz, 1865; Lettré and Albrecht, 1943; Renaut, 1907). These vacuoles 
have been tied variously into the problem of the golgi complex, for example, as 
being products of golgi activity, or as representing the essential structure of the 
golgi complex, or some part only of it (Bowen, 1929, 1927; Baker 1944-1945; 


Bensley, 1910, 1951; Guyer and Claus, 1932, 1934; Hirsch, 1939; Parat and | 


Painlevé, 1925; Gatenby 1931, 1951; Nassonov, 1923). Kedrowski (1935a, 
1935b) and von Millendorff (1938) thought that these bodies arose by a process 
of protoplasmic syneresis. In another study (Richter, 1940), evidence was ac- 
cumulated which indicated that vacuoles may arise by a process of syneresis 


from golgi bodies known to be comprised of both osmiophilic and osmiophobic | 


golgi components, namely the acroblast of the animal flagellate spermatid. 
This phenomenon is evident in FicuRES 11, 12, 13, and 14, which show the 
progressive compaction of the particulate substance of the golgi body with the 
concurrent formation and final extrusion from it of a vacuole. Unpublished 
measurements show that the volume of the original golgi structure is reduced 
by an amount approximately equal to the volume of the vacuole formed. 
Guyer and Claus (1932) have made specific mention of the reduction in size 


of the golgi complex in certain somatic cells in parallel with the formation of | 
vacuoles, although Bowen (1929) categorically disagreed with this observation. | 
In any event, the phenomenon illustrated is, so far as I know, the most precise _ 


bit of evidence we have bearing on the intracellular origin of vacuoles. The 
observation is significant, not only in that it rather conclusively identifies this 
phenomenon as being a functional expression of the golgi complex, but in that 


it indicates something of the basic mechanism by which it may be accomplished. | 

In the leukocytes, vacuole formation, too, seems somehow related to the | 
elements of the golgi complex (i.e. as treated here); although the relations are | 
not clear (Simpson, 1930; Cunningham and Tompkins, 1930; Hall, 1938; | 


Sabin, 1923; Bloom, 1928a, b; Dawson and Spark, 1929; Jordan, 1925 and 


others). Wallgren (1951, 1946a, 1946b) has observed vacuoles (his pale drop- | 


lets) in the living lymphocytes to leave the golgi complex and enter the general 


cytoplasm. He was unable to determine how they arise within the golgi | 
complex. Neither has this phenomenon been evident in my motion picture | 
records of the living leukocytes; although the changes in shape and size of the | 
individual specific granules in the eosinophiles (FrGURES 5, 29) and the dark | 
droplets of the golgi system in lymphocytes, as observed by Wallgren, are not | 
incompatible with those shown by the acroblast (ricuREs 11 to 14) leading to 

the formation of vacuoles. However, it is not surprising that the same or simi- | 
lar series of changes are not clearly evidenced by all typical golgi structures or 


by the specific granules, if it is recalled that when the volwme of a sphere is re- 
duced by one half, the diameter is reduced by only slightly more than one fourth. 
If, for instance, a specific granule having a diameter of one micron were to have 
its volume halved, its diameter would decrease by little more than two tenths 
of a micron—in short, by an amount just barely within the limit of optical reso- 


lution, This amount, even if one were looking for it, would be most difficult 


| 
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measure, and it certainly would not be what one could call obvious. Exem- 
ry of the point made is the fact that the vacuoles, when first discernible in - 
living leukocytes, are smaller than, or just about the same size as the spe- 
c granules or golgi bodies associated with them (Sabin, 1923; Simpson, 1921; 
igren, 1951). I have confirmed this finding by cinematography (FIc- 
E 33). 

in summary of the data on the formation of cytoplasmic vacuoles in the 
kocytes, it seems necessary to suggest that vacuoles arise in the leukocytes, 
t as in the majority of other tissue and glandular cell types, in association 
th the golgi complex and may be considered as a functional expression of it. 


Observations on an Apparently True Type of Merocrine and Plasmocrine 
Secretory Activity by Several Species of Leukocytes 


Material and methods. For these studies, the circulating leukocytes of human 
ripheral blood were used. By aseptic technique throughout, small drops of 
ole blood obtained by finger puncture were placed on physiologically clean 
croscope slides and covered quickly with equally clean No. 1 coverslips. 
e latter were then quickly sealed around the edges with sterile petrolatum 
prevent contamination and desiccation of the spread film of blood. Such 
eparations were examined microscopically at either room or body tempera- 
res in a special constant temperature incubator housing the microscope. 

Observations were made with the phase contrast microscope employing 
rk-contrast medium and B-minus phase objectives. The former phase ob- 
‘tives were most satisfactory. The light source was a Mikrark illuminator 
uipped with a 100-w. zirconium arc bulb. A special Corning infrared absorb- 
x filter, No. 3966, and a green filter of unknown composition were used with 
e illuminator. Cinematographic records were made with 16 mm. Bolex and 
ne Special cameras in combination with Bausch and Lomb cinematographic 
cessories. All motion picture records were made at eight frames per second. 
Observations. When preparations are set up in the manner described, a sur- 
yy of the entire blood film, after a lapse of 30 or more minutes, reveals that 
any but not all of the leukocytes, namely the neutrophiles, eosinophiles, and 
onocytes, contain one or more prominent clear vacuolar droplets of variable 
-e and distribution in the cytoplasm. They are discernible in the living un- 
nined cell with the phase microscope (FIGURES 15, 16, 17), with the ordinary 
sht microscope, and with the dark-field microscope (M. Schultze, 1865; 
enaut, 1889; Metchnikoff, 1905; Jordan, 1925; Wallgren, 1951, 1946a, 1946b; 
assis, 1949b; Richter, 1952a, 1952b, 1954, 1951). With dark-medium phase 
ntrast, the droplets appear as discrete milky white spherical bodies (FIGURES 
, 16). They color somewhat metachromatically in the living cell with the 
pravital dye, neutral red (Rosin and Biebergeil, 1904; Metchnikoff, 1905; 
enaut, 1907; Arrigoni, 1908; Dubreuil, 1913; Shipley, 1919; Simpson, 1921; 
ibin, 1923; Maximow, 1927, 1928a, b, c; Rhoads and Parker, 1928; Dawson 
1d Spark, 1929; Wilson and Cunningham, 1929; Bloom, 1928a, 1928b; Hall, 
31: Lewis and Rubin, 1932; Tompkins and Cunningham, 1938; Lawrence 
id Todd, 1941; Schwind, 1950; Jackson, 1954). It is evident that these drop- 
ts have been known to us for a long time. However, due to differences in 
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objectives, methods of approach, and in points of view, it is evident from hilt 
literature that they have been the subject of much speculation; that their stat 
as preformed structures versus de novo structures has not been clearly deter 
mined; that their formation and fate are generally unknown; and that i ii 
general significance has not been established. These are the droplets which a: 

of primary concern in the observations being recorded here. I shall refer tiff 
them descriptively as vacuolar droplets, or just merely as droplets, in order t 
avoid the more cumbersome terminology that has grown up about them in thil 
past, and also to avoid possible bias regarding them which has been occasionetdy 
over the years by other terms. 


Intracellular Relationships and Physical Characteristics of Vacuolar Droplets 


Neutrophiles. ‘The droplets formed in neutrophiles have no fixed position iif 
the cell. They seem to have no intrinsic movement of their own. Their di 
position within the cytoplasm is dependent upon endoplasmic streaming whicl 
carries them from one region of the cell to another and into intimate relatio 
ships with each other, with the nucleus, with the juxtanuclear golgi substance 
and with the ectoplasmic layer. 

A most intimate and characteristic spatial interrelationship exists betwee 
the droplets and the specific granules; the latter form constantly changing 
aggregates in the manner of caps on the surfaces of the droplets. The associ? 
ated droplets and specific granules move as one in the endoplasmic streams} 
The length of time that a given granule maintains its position on a droplet is 
highly variable, lasting from a fraction of a second to several minutes. In) 
every event, though, the granules do not remain permanently attached to the 
surface of the droplets. 


tions of seconds) in seemingly well-defined but narrow and irregularly shapec! 
streams of endoplasm which converge toward the nucleus (FIGURE 32). Thel 
movement of the specific granules from the periphery of the cytoplasm to the 
nucleus via the endoplasmic streams seems to be a regular and characteristic 
phenomenon. It is frequently possible, as recorded and shown by motion 
pictures, to find granules being carried in diametrically opposite directions by; 
such endoplasmic streams when the latter are superimposed. The granules} 
carried by endoplasmic streams, converging toward the nucleus, slide along 
in close contact with the surface of the nucleus and juxtanuclear golgi substances 
They finally are carried away from the nuclear region and redistributed in thei 
general cytoplasm. . 

Advantage was taken of amoeboid movement and its accompanying endo- 
plasmic streaming to determine something of the general physical consistency} 
of the droplets relative to other protoplasmic components. When the droplets 
are lying free and unconfined in the endoplasm, they always assume the shap : 
of perfect spheres (FIGURES 15, 16, 17, 24, 25). This phenomenon indicates 
that they have a relatively high surface tension and a greater physical consis 
tency than the endoplasm. If, in the course of amoeboid movement, a droplet 
is forced through an ectoplasmic constriction ring, its shape is progressively) 
and characteristically modified by it (ricuREs 18, 19, 20, 21). This change in- 


a) 
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ates that the droplet has a general consistency less than that of the ecto- 
sm of the constriction ring. Similarly, if the movement of the cell is such 
‘0 ‘‘squeeze’’ a droplet between the nucleus and the general ectoplasmic layer, 
shape of the droplet is modified, on its one aspect, to conform to the shape 
the overlying ectoplasm, but not notably modified on its nuclear aspect. 
e later modification also is evident in circumstances in which a nuclear seg- 
nt is forced between two droplets. In this event, neither the droplets nor 
cleus are appreciably modified in shape (FIGURES 24, 25). It would seem 
t the droplets are of about the same physical consistency as the nucleus and 
; than that of the ectoplasm in general. It must be remembered, however, 
1t the ectoplasm shows characteristic changes in its consistency from region 
region when the cell is actively amoeboid. This is especially true of the 
oplasm in the drag end of the cell, which most frequently conforms to the 
ipe of a droplet which might be located there, if the droplet is of sufficient 
e (FIGURES 25, 51). The physical consistency of the droplets is much less 
in that of the specific granules. In general, these observations show that 
> droplets are fluidic in nature and have a consistency about equal to that 
the nucleus. 
Certain observations indicate that the droplets are delimited by a surface 
mbrane of some type and that it has a permeability characteristic which is 
ferent from that of the general cell surface. This characteristic is suggested 
the fact that the lipid soluble substances, benzpyrene, dibenzanthracene 
d methylcholanthrene, which are taken up from the plasma in either crystal- 
e or molecular form by the living cell cannot be demonstrated within the 
yplets by U-V fluorescence microscopy, although they can be demonstrated, 
the same time, in the general cytoplasm and in certain other protoplasmic 
zanelles. This is also true of the droplets elaborated by the eosinophiles 
d monocytes. 
Eosinophiles. The droplets in the eosinophiles have essentially the same 
neral set of changing intracellular relationships as those in the neutrophiles 
[GURES 5, 29, 54 to 69). Observations on their deformation by other cellu- 
- components indicate, on the whole, that they are much more fluidic and of 
s dense consistency than are those of the neturophiles. They are easily de- 
‘med by movements of the specific granules and endoplasmic streaming. A 
se topographic relationship exists between the droplets and the eosinophilic 
anules, but the tendency for the latter to form relatively large compound ag- 
egates on the droplets is usually absent. The size of the droplets in this cell 
pe ranges from that of the specific granules to relatively large ones having a 
ameter of several micra (FIGURES 5, 29, 54 to 69). 
Monocytes. In the monocyte, the droplets, while of variable size, usually 
not attain the large dimensions of those in the neutrophiles and eosinophiles. 
sually, they are of about the same size or smaller than the golgi bodies with 
1ich they most frequently are associated (r1cuRES 10, 70 to 84). They have 
characteristic relation to the mitochondria or nucleus, although cell move- 
ent does effect close topographical relations between them at times. My 
servations on the relative consistency of the droplets in this cell type are 
complete, but evidence so far indicates them to be highly fluidic, but more 
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dense than the general cytoplasmic matrix. With phase, the golgi bodies aH 
seen to be distributed as discrete dark spherical bodies of variable size (1 to 
micra in diameter) distributed about the nucleus. They have no fixed posi 

tions, however, with reference to the nucleus (FIGURE 10). | 

Elaboration and maturation of the vacuolar droplets. In order to study crit 
cally the course of elaboration and maturation of the vacuolar droplets in thi 
neutrophiles, single cells with no evident droplets were selected within threifj 
to five minutes after setting up the preparations and were observed continu 
ously during the course of one to two hours. At regular 10-minute interval 
a short motion picture record was made of developments. In the neutrophiles} 
although there are individual variations in time from cell to cell, the essenti 
details are the same for all. The following description on the general elabora 
tion and maturation of the vacuolar droplets in the neutrophiles is based o 
the record of a single representative cell which was selected within two minute} 
after setting up the preparation and was observed continuously for 70 minutes 

At zero minutes: The cell was of typical appearance with well-defined n 
clear structures, juxtanuclear golgi structure, specific granules and endoplasmi 
streams. No vacuolar droplets were evident (FIGURE 30). The cell was ac 
tively motile. 

At 10 minutes: The cell showed active amoeboid movement, and all thi 
structural components were unchanged from their status at zero minutes. Th 
specific granules were seen alternately to aggregate into clumps and then td 
separate, a movement seemingly related somehow to endoplasmic streaming 
There were no vacuolar droplets clearly evident at this time (FIGURE 31). 

At 20 minutes: Numerous spherical droplets the same size as the specifi 
granules, or slightly larger, were present. Such droplets, when first seen ana 
afterwards, bore no special topographic relation to the nucleus. They werd 
always intimately associated with one or more specific granules. Ordinaril 
the granules and droplets moved along as one in the endoplasmic streams (FIG! 
URE 32). | 

At 30 minutes: The individual vacuolar droplets were increased slightly! 
in size. Endoplasmic streaming occasioned some aggregation of the droplets 
to form small, changing, irregularly shaped clumps in which the droplets were 
constantly shifting positions or leaving the clumps entirely. The small ag# 
gregates were distinctly unstable. The specific granules remained associated 
constantly with the droplets (FIGURE 33). 

At 40 minutes: The majority of the smaller droplets were clumped and pari 
tially fused, forming larger and prominent, but highly irregularly shaped masse# 
which were unstable. Other droplets derived by more complete fusion of 
smaller ones formed discrete, larger spherical ones two to three micra in diam: 
eter, which were quite stable (FIGURE 34). | 

At 50 minutes: The various sized droplets had all become fused or partiall 
fused to form a reduced number of rather prominent droplets of irregular but) 
stable form (FIGURE 35), : 


At 60 minutes: The larger droplets, through more complete fusion of thei 


a 


constituent small droplets and through fusion with other aggregates, had be# 
come progressively larger and better defined as spherical droplets. The spe4 
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c granules continued to maintain a close association with the surfaces of the 
ing droplets (FIGURE 36). 

At 70 minutes: Fusion within and between the various sized droplets con- 
ued until the cell contained only a reduced number of relatively large spheri- 
| ones (FIGURE 37), with specific granules aggregated at their surfaces. 

In some cells, fusion of the droplets with each other may continue until only 
e droplet is present which may be larger than an erythrocyte (FIGURES 18 to 


Throughout the entire sequence of the elaboration and maturation of the 
oplets, there is no evident structural alteration of any of the protoplasmic 
zanelles (FIGURES 30 to 37). The cells are usually actively amoeboid 
roughout this period (FIGURES 30 to 37). Two constant associations are 
ident during the period of elaboration and maturation of the droplets. The 
e is the relationship between the specific granules and the droplets from the 
ne the latter are first clearly discernible; the other is the intermittent associa- 
mn of the specific granules with the nucleus and the perinuclear golgi structure. 
In the eosinophiles, inasmuch as the studies on this cell are incomplete, it 
n be said of the elaboration and maturation of droplets in them only: (1) 
at the droplets, when first distinguishable, are smaller than, or about the size 
the eosinophilic granules; (2) that a close topographic association exists be- 
een the granules and the droplets from the very beginning (FIGURES 5, 29, 
to 69); (3) that the association of the granules with the droplets is not perma- 
nt; and (4) that visible maturation of the droplets is accompanied by the 
gregation and fusion of smaller ones. 
On the formation of the vacuolar droplets in the monocyte, my observations 
e incomplete, but such data as I have indicates (1) that they arise in associa- 
yn with the typical golgi bodies of these cells (FIGURE 10); (2) that, when first 
sarly distinguishable, they have about the same size variations as the indi- 
dual golgi bodies in this cell type; (3) that, once formed, they are moved in- 
pendently about in the cytoplasm; and (4) that they have no permanent 
pographic association with any other formed element in the cell. 
The extrusion of elaborated vacuolar droplets. Unless cell death intervenes, 
e droplets elaborated by eosinophiles, neutrophiles, and monocytes are usu- 
ly extruded from the cell. The phase of extrusion of the droplets into the 
asma is a rapid process which varies somewhat with the size of the individual 
oplet, and occupies, on the average, about one second of time. I have been 
rable to determine any change in behavior of the droplet, the cytoplasm, or 
e specific granules which can be used as a sign to indicate that a droplet is 
yout to be extruded. Ordinarily, though, if a cell contains more than one 
oplet, and one droplet is seen to be extruded, the other droplets will usually 
» extruded quite soon after. Even so, one cannot tell ahead of time precisely 
hen extrusion will occur, and the flicking of an eye-lid may make one miss the 
senomenon. The extrusion process is not polarized in these cells. The drop- 
ts may be extruded from any point on the cell surface. The droplets alone 
e extruded; at least no cytoplasmic substance has been seen to be discharged 
ong with them. Extrusion occurs while the cells are actively moving, and 


so when they are quiescent. 
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In spite of numerous motion picture records of this phenomenon, little cal 
be said concretely of the mechanism by which extrusion is accomplished. | 
was pointed out in a previous section that the ectoplasm generally is of greate}j 
consistency than the droplets. This is evident, too, when the droplets pasiff 
through the ectoplasmic surface at the time of extrusion, because the droplet | 
(especially the larger ones) are seen to be deformed much as when passiniff 
through an ordinary constriction ring (FIGURES 18 to 21) cant ts also evident 
that the droplets are under some considerable pressure from within the cell 
In some instances, when the droplets are small, they can be seen to be projecteé 
a considerable distance from the cell. In every instance, the droplet is move 
close to the cell surface. The overlying ectoplasm progressively becomes ve 
thin and finally disappears (FIGURES 38 to 42). Simultaneously, the droplet i} 
started on its way out (FIGURE 43). In the case of extremely large droplets} 
one can detect a narrow equatorially situated line (undoubtedly the dense ri 
of ectoplasm delimiting the extrusion site) which sweeps over and behind th 
emerging droplet to reconstitute a continuous ectoplasmic layer at the site o 
extrusion. This phenomenon is barely discernible in FIGURES 43 to 48, whicl 
also show the hourglass deformation of the droplet during extrusion by a neutroy 
phile. Studies are underway to analyze this phenomenon further. ) 

The extrusion phase, as just described, appears to be basically the same i 
all the cell types in which it has been observed to occur, namely, in the neutro; 
philes, eosinophiles, and monocytes. The lymphocytes in my preparation! 
rather uniformly do not elaborate these droplets, and they have not, so far, 
been observed to extrude anything. The entire series of motion picture frames 
covering the phase of extrusion of elaborated droplets by a representative neuihj 
trophile, eosinophile, and monocyte are given in FIGURES 38 to 49, 54 to 69 
and 70 to 85 respectively. . 

Droplets extruded by the neutrophiles retain their identity in the plasma 
(FIGURES 38 to 49). In the cell illustrated, the droplet was extruded in sii 
eights of a second (FIGURES 43 to 48). How long they retain their identity has 
not yet been determined, but it has been possible to keep a few droplets of neu; 
trophilic origin under continuous observation for as long as four hours afte# 
extrusion. | 

Droplets extruded by the eosinophiles lose their identity almost immediately, 
upon entering the plasma (FIGURES 54 to 69). In motion picture records of the 
phenomenon in this cell, it has been seen that an erythrocyte nearby, but not 
in contact with the cell, and yet in the “line of fire,” is caused to jerk at the tima 
of extrusion as if moved by a sudden eddy in the intervening plasma. In thal 
eosinophile illustrated, extrusion occurred in about five eighths of a second 
(FIGURES 60 to 65) as nearly as it can be made out by study of the film. | 

Droplets extruded by the monocytes disappear immediately upon entering 
the plasma. In the monocyte illustrated, the droplet was extruded from thé 
surface underneath, and was accomplished in about seven eighths of a second 
(FIGURES 75 to 81). . 

The fact that the droplets of neutrophilic origin retain their identity in the 
plasma while those of monocytic and eosinophilic origin do not, suggest that, 
they are of rather different physicochemical composition. | 


| 
| 
| 
| 
; 


| 
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The cyclic nature of the phases of elaboration and extrusion of the vacuolar drop- 
s. At this time, detailed studies on the cyclic nature of the whole sequence 
events, including elaboration, maturation, and final extrusion of the vacuolar 
oplets, have been made only on the neutrophiles. 
To determine whether this entire sequence was cyclic, individual neutro- 
iles containing fully mature droplets were selected and observed continuously 
til (1) the original complement of droplets was extruded, and (2) an entirely 
w or second complement of droplets was elaborated and finally extruded. 
1e time was recorded at all critical points during the period of observation. 
otion picture records, in some cases, were made of the critical points also. 
can be said at once that the entire process is cyclic and may be repeated 
veral times. The duration of the cycle varies from cell to cell. The record 
. one neutrophile during a period of one hour and three minutes is illustrative: 
Preparation set-up at 8:20 A.M. 
8:37 A.M. a neutrophile was selected with three 
droplets 3 to 4 micra in diameter 
End of first cycle: 8:42 A.M. two droplets extruded 
8:47 A.M. third droplet extruded 
Beginning of second cycle: 8:47 A.M. 
9:38 A.M. one droplet 3 to 4 micra in diameter 
present 
End of second cycle: 9:40 A.M. droplet extruded 
It is interesting to note, in connection with this illustrative case, that the 
tire second cycle was begun and completed in 53 minutes, and that the pre- 
ding or first cycle was completed just 27 minutes after the preparation was 
tup. This response indicates strongly that the first cycle in this case was 
‘gun in vivo in the circulating blood about 26 minutes before finger puncture. 
yrdan (1925) made a somewhat similar observation relating to this point, and 
is easily confirmed that, no matter how rapidly a preparation is set up and 
aced under observation, one always finds a number of cells either with fully 
ature droplets or droplets in various stages of elaboration and maturation. 
1 this particular instance, which is quite typical, the whole complement of 
aborated droplets was extruded within a five-minute period. In some in- 
ances, only part of the complement of droplets may be extruded at approxi- 
ately the same time; the remaining droplets may be retained for many 
jnutes before being extruded. 
Depending upon the length of time that a preparation has been set up and, 
iso, on the actual age of particular cells (since in any sample of whole blood the 
ukocytic population will necessarily be comprised of young, intermediate, 
1d old cells) the number of cells which cannot extrude the elaborated drop- 
ts progressively increases (R. E. H. Simpson, 1943). The end result in such 
stances, when cell death and lysis intervene, is that the droplets are re- 
ased much as they are in a holocrine type of gland cell. In the younger 
1d apparently more healthy cells, the cyclic formation and final extrusion of 
1e droplets leaves the cells with an appearance that is completely normal in 
very way, with no discernible evidence that such cells have ever. contained 


yen one droplet, 
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Since many studies on the leukocytes have been mediated through neutral-re 
staining, certain apparently well-established effects of neutral red should b 
pointed out, as they have a direct bearing on the general question of the cyt 
physiologic status of leukocytic vacuolar droplets: (1) the formation of vacuola 
droplets requires metabolic energy, as shown by treatment of living cells witll 
KCN, which is a respiratory enzyme toxin inhibiting the formation of vacuola: 
droplets (Kedrowski, 1935a, 1935b); (2) neutral red is known to have an en! 
zyme-precipitating effect (Koehring, 1931; Kedrowski, 1932); (3) neutral req 
somehow disrupts or precipitates nucleic-acid complexes (Jackson, 1954 
Dustin, 1947, 1944). In view of these effects, it is not surprising that neutra 
red staining (1) hastens cell death and (2) makes for an abnormal accumulatio 
of vacuolar droplets within the cell, as has been reported by many workers 
(Rosin and Biebergeil, 1904; Jordan, 1925; Dawson and Spark, 1929; Hall, 
1931, and others). On the basis of the findings reported here, it would see 
that the extrusion of vacuolar droplets requires the active participation of the 
fibrous structural proteins of the cell cytoplasm and cell surface. Since neu+ 
tral red somehow disrupts cytoplasmic nucleic-acid complexes, and since plasma 
is in this category and is also a structural protein, it seems permissible to suggest 
that the abnormal accumulation of vacuolar droplets in the leukocytes after 
neutral-red staining is due to a disruption of the extrusion mechanism, namely, 
the cytoplasmic structural proteins. . 

Extruded droplets of neutrophilic origin have a refractive index so close t 
that of plasma that they are virtually indistinguishable with the ordinar 
light microscope. With the phase microscope they are readily seen as pal 
droplets of variable sizes. Their surfaces are usually clean and smooth, al- 
though hematoconia and chylomicra frequently dance into contact with an 
about them. Each droplet seems to be delimited by a surface membrane. Or-} 
dinarily they round up immediately upon entrance into the plasma (FIGURE 
53, 48, 49). Sometimes they do not, and, in this case, they remain aspheri 
and show much surface activity, with consequent rapid changes in shap 
(FIGURE 53). The latter changes are most similar to those seen within the cell! 
in connection with the early phases of maturation of the droplets when in the 
process of fusion. This phenomenon suggests that the extracellular aspheric: 
droplets are instances wherein extrusion occurred before the fusion of the smaller 
droplets during maturation was completed. This suggestion is supported by’ 
cinematographic records of instances in which droplets which appeared to be 
Shas fused while within the cell were aspheric after extrusion (FIGURES 51, | 

On the basis of deformational evidence, it can be demonstrated that the ex- 
truded droplets of neutrophilic origin have a general consistency greater than) 
that of the mature erythrocyte. This characteristic is clearly evidenced by? 
selected frames from a motion picture sequence showing the extrusion of a) 
ae eee Ne on, tae crowded by the body of its parent cell against! 
an erythrocyte, deforms the latter with i i i , 
(erase nee EORSD), out itself being deformed in any way 
When one surveys the entire field of a preparation within a few minutes after - 
it is made, only an occasional droplet or no droplets can be found in the plasma | 
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they are necessarily of neutrophilic origin, as those produced by the eosino- 
hiles and monocytes disappear immediately upon extrusion). During the | 
course of two hours or more, however, relatively large numbers are found to 
‘eccumulate there. It has not yet been possible to make precise quantitative 
neasurements on the total amount of vacuolar substance contributed by the 
1eutrophiles, eosinophiles, and monocytes to the plasma in vitro. However, if 
t is assumed (1) that the droplets have the density of water (it seems obvious 
hat they do not), and (2) that each neutrophile, eosinophile, and monocyte 
n 1 cc. of whole blood elaborates and extrudes one droplet 5 micra in diameter 
yer hour, it is estimated that these cells im vitro elaborate and add to the plasma 
311 wg. of vacuolar substance/ hour/cc. of whole blood. This is a most con- 
servative estimate in view of the observations recorded here. Three hundred 
and eleven yg /cc. is a rather striking amount of substance; especially when it 
is recalled that many naturally occurring and physiologically effective sub- 
stances are present normally in blood in considerably less quantities. 

In general summary of the observations recorded in this section, it seems 
essential to point out only that all of the data show: (1) that neutrophiles, 
eosinophiles, and monocytes have thecapacity to, and do, elaborate, mature, and 
extrude morphologically discrete and characteristic products into the plasma 
in a cyclic and repetitive manner; (2) that these activities satisfy all of the 
known criteria of secretory activity generally in other glandular cell types; 
(3) that these activities of elaboration, maturation, and extrusion of formed 
products parallel those seen in merocrine-type gland cells as long as the cells 
are healthy and alive; (4) that, when cell death intervenes, the mechanism of 
extrusion becomes essentially that of a holocrine type of gland cell; (5) that the 
droplets elaborated and extruded have a physicochemical composition that 
varies somewhat with the species of leukocyte producing them, and that the 
droplets have a physical consistency near to that of the nucleus and greater 
than that of the erythrocyte (in the case of droplets of neutrophilic origin) ; 
(6) that the data suggest that the entire process occurs normally i vi00. 


VI. On the Chemical Composition of the Vacuolar Droplets 


At this time, very little precise information is available on the chemical com- 
position of the vacuolar droplets of leukocytic origin. The observations re- 
corded here indicate certain differences in physicochemical composition between 
the droplets of neutrophilic, eosinophilic, and monocytic origin. It has been 
reported on the basis of direct and indirect evidence, and irrespective of the 
species of leukocyte, that the vacuolar droplets contain water (Renaut, 1907; 
Dubreuil, 1913; Jordan, 1925; Mollendorff, 1937; Heinz, 1890; Dustin, 1947; 
Kedrowski, 1935a, 1935b; Metchnikoff, 1905) and unspecified inorganic salts 
(Renaut, 1907; Shipley, 1919). The vacuolar droplets have been reported to 
contain an albuminous substance (Dubreuil, 1913; Renaut, 1907), phosphatids 
(Hammar, cited by Dustin, 1944) and proteolyic enzymes (Shipley, 1919; Metch- 
nikoff, 1905). Wallgren (1946b) has reported that they probably contain a 
carbohydrate. Kossel (1894, cited by Metchnikoff, 1905) reported that the 
droplets contained nucleic acid, and this report has been confirmed recently by 
direct histochemical methods (Dustin, 1947; Jackson, 1954). Further and 
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more precise qualitative and quantitative studies on the chemistry of the 
droplets in the various species of leukocytes are sorely needed. 


VII. On the General Status of the Vacuolar Droplets 


It was suggested in a preceding section that the vacuolar droplets have en- 
joyed a rather unsettled status over the years. To some workers (Cesaris-De- 
mel, 1909; Jackson, 1954; Bessis, 1949) the presence of vacuolar droplets in the 
leukocytes was a sign of cellular degeneration, and to these investigators they, 
droplets were accordingly known as degeneration vacuoles. The evidence for 
this point of view, so far as the leukocytes is concerned, principally stems from 
the correlation made by Cesaris-Demel (1909) that, under many conditions, 
including infections, the circulating leucocytes, as well as those in purulent 
exudates, pleural exudates e/c. contained vacuolar droplets. On the other hand, 
Marini (1900, cited by Cesaris-Demel, 1909), in experimental infections with i}; 
pneumococci and in cases of fatal pneumonia, made the same observation on) 
the presence of vacuolar droplets in the leukocytes; but Marini did not inter- 
pret their presence as a degenerative change, but rather as a sign of a different | 
kind of function of these cells, ‘‘d.h. derjenigen Funktion derselben, durch if} 
welche die zur Hervorbringung der Immunitit dienenden Produkte abgesondert '}} 
werden.” (Cesaris-Demel, 1909, S. 8.) I am not aware of any compelling 
and incontrovertible evidence supporting the belief that vacuolar droplets, per ’ 
se, are signs of cellular degeneration and that they have no further significance. | 

Whilethe particular significance which has been attached to leukocytic vacuo- - 
lar droplets varies from one group of workers to another, the vast majority do |} 
not consider them to be degenerative manifestations. Simpson (1921) and Sa- ff 
bin (1923, 1939) considered them to be associated with intracellular segregation |} 

(Renaut, 1907), detoxification, and excretory processes. Jordan (1925) con- |} 
sidered them normal cytoplasmic structures and inclined to view them in some 
sort of excretory role. Key (1928) considered them to be a normal cellular | 
component and, when their numbers increased in the cells, viewed them as a 
normal response to stimulation and not degenerative manifestations. Shipley 
(1919) and Opie (1922) considered them a normal cellular component and | 
viewed them as sites of enzymatic digestion (Metchnikoff, 1905). Mllen- | 
dorff (1937) considered them to be associated with the regulation of protoplas-_ 
mic viscosity, and others have shown that their formation may be prevented or 
augmented by hypertonic and hypotonic media respectively (Heinz, 1890; 
Kedrowski, 1935a). The majority of workers have considered them to be 
normal constituents and to be specific secretory products and/or associated 
with synthesizing activities (Kossell, 1894, cited by Metchnikoff, 1905; Marini, 
1900, cited by Cesaris-Demel, 1909; Renaut, 1907; Dubreuil, 1913; Goldmann, 
1912; Ehrich, 1934; Nagel, 1929, cited by Ehrich, 1934; Kedrowski, 1932, 
ree 1935b; Dustin, 1947, 1944, 1943; Wallgren, 1951, 1946a, 1946b; Richter, 

54). 

Since it is well-established that the leukocytes of pleural and peritoneal exu- | 
dates and of inflammatory sites typically contain vacuolar droplets, it seems 
significant to the status of the latter, that Carrel (1922, 1924), Carrel and Ebe- | 
ling (1922a, 1922b) and Kruschov (1945) found that the extracts of the leuko- | 
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rtes of such exudates, as well as those of normal buffy coat, of media modified 
, vitro by buffy coat leukocytes and of stored leukocytes, contained a substance 
hich promoted cell growth and another which hemolyzed foreign red cells. 
hese workers interpreted their findings as evidence that the leukocytes have a 
cretory function. Grand (1949) has reported that fowl leukocytes grown 
suspensions of Staphylococcus aureus have an antibiotic effect. Mammalian 
ukocytes did not exhibit this effect. The studies of Sabin (1939) also have a 
gnificant bearing on the status of the leukocytic vacuolar droplets. Using a 
mthetic red-dye-protein antigen, Sabin found that it was taken up in vivo 
y neutrophiles, monocytes, and macrophages, and localized intracellularly in 
acuolar droplets. She noted that the appearance of antibody in the serum 
yincided with the time when the dye-protein antigen was no longer visible in 
1e cells and with the shedding of the ectoplasm of the monocytes and phago- 
ytes. She visualized the release of antibody from the cells as mediated by the 
redding of small globules of ectoplasm. It is possible that the latter are ex- 
-uded vacuolar droplets, such as I have reported here. 

In summary of this section, it can be said that the majority of workers and 
he bulk of the evidence, direct and indirect, support the view that leukocytes 
ave a secretory (and synthesizing) capacity, and that the vacuolar droplets 
re normal morphologic expressions of this capacity. 


General Summary 


On the basis of the observations recorded here and of their close correlation 
vith the findings of many others, it seems necessary to conclude that the neutro- 
hiles, eosinophiles, and monocytes have a typical (merocrinelike) secretory 
apacity. Although the vacuolar products of this activity most characteristi- 
ally are associated with the elements of the golgi complex, intrinsic movements 
f the cell constantly effect changing spatial relationships between them and 
‘ther protoplasmic organelles, such as the mitochondria, nucleus, golgi ele- 
nents, ectoplasm, and general cytoplasmic matrix. None of the observations 
nade in these studies on the living cells and recorded cinematographically can 
xe taken as evidence precluding the possibility that mitochondria, nuclei, 
sucleoli, or general cytoplasmic matrix may participate in the secretory phe- 
somena described here. The evidences seem rather to enhance the probability 
hat all of these special protoplasmic components are active in some fashion in 
yne or another of the facets of the secretory process. 
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PLATES 


Explanation of Plates 


All illustrations are unretouched photomicrographs or copies of selected frames from cinephotomicrographs. 
URES 6 to 9 were taken with a 35-mm. Leica camera with dark-contrast medium-phase equipment with oil 
\mersion objective. Initial magnification at the film was X323 and enlarged in printing to 1232. FIGURES 

to 14 had an initial magnification at the film of X323 and were enlarged in printing to approximately X2125. 

FicurEs 2, 3, 27 and 28 were taken with a 35-mm. Leica camera in combination with a U-V fluorescence micro- 
ope. Their magnification at film was X323 and were enlarged in printing to X825.. : 

All other figures are copies of selected frames from cinephotomicrographs taken with 16-mm. Bolex and Cine 
secial cameras operating at a shutter speed of 8 frames per second in combination with high-dry and oil-immer- 
on dark-contrast medium-phase equipment. FicureEs 1,5, 10, 22 to 26, and 29 to 37 had an initial magnification 
film of X291 and were enlarged in printing to X1973. Ficures 15 to 21 were magnified 129 at film and en- 
rged in printing to X877. FIcuRES 38 to 53,54 to 69 and 70 to 85 were magnified 291 at the film and enlarged 


printing to X1113. 


PLATE 1 


FicureE 1. Living, small lymphocytes of man showing nuclear detail and a spherical duplex golgi body in | 


upper left cell as visualized with phase. 

Figure 2. Living human small lymphocyte treated w 
nucleus and small, dark, spherical juxtanuclear golgi body. 

Ficure 3. Same cell as in riGURE 2 but visualized with the U-V fluorescence 
intracellular localization of the fluorescing benzpyrene within the golgi body. 

FicurE 4. Small lymphocyte of man fixed in Champy and visualized by 
spherical, duplex golgi body. Compare with ricurEs 1, 2, and 3. 

Ficure 5. A living eosinophile of man visualized with phase showing size and shape variations and duplex 
character of the eosinophilic granules and their relation to small vacuolar droplets. 


FicurE 6. A mature peripheral blood neutrophile of man fixed in Champy and visualized by osmic impreg- 
nation, showing the positive image of the osmiophilic perinuclear golgi structure, 

Ficure 7. A mature peripheral blood neutro 
Champy and stained with acid fuchsin and light green, showing the monomorphic nucleus and the clear, negative 
image of the perinuclear osmiophilic golgi structure. 

FicurE 8. Amature neutrophile of man wh 
with acid fuchsin and light green, showing three reconstituted nucleoli. 

Ficure 9. A mature neutrophile of man which has u 


and impregnated with osmic acid, showing the positive blackened image of the perinuclear osmiophilic golgi struc- 
ture, 


FricureE 10. A living monocyte of man visualized with phase showing nuclear detail, two vacuolar droplets 
associated with dark golgi bodies, and dark filamentous mitochondria in the cytoplasm. 


ith benzpyrene viewed with ordinary light showing 


microscope showing the special | 


ndergone nuclear confluence which was fixed in Champy 


osmic impregnation showing the - 


phile of man which has undergone nuclear confluence fixed in | 


ich has undergone nuclear confluence fixed in Champy and stained | 


I 
H 
| 
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PLATE 2 
“ FicurEs 11 to 14. Spermatids from the same cyst of Notonecta fixed in Benda and stained with iron-haema- 


oxylin, showing certain critical stages in the progressive (11 through 14 respectively) formation and extrusion of 
clear vacuole by a process of syneresis from the dark, large, spherical juxtanuclear golgi body (acroblast). 
IGURE 11 shows the golgi body before the process begins: FIGURE 14 shows the contracted golgi body after the 
rocess is completed. Compare the size and volume of the terminal golgi body in r1GuRE 14 with those of the 


olgi body in FIGURE 11. 


Bile, 


PLATE 3 


cytoplasm as milky-white spherical structures. 
FicurES 18 to 21. Selected frames from a phase-contrast motion 

phile containing only one large vacuolar droplet. The sequence show 

tively) deformation of the droplet by the ectoplasmic layer as it is fo 
Ficures 22 to 23. Selected frames (14 frames or 154 seconds ap 

picture sequence on a living human peripheral blood neutrophi 

vitro’ (compared with ricurES 7 to 9). The monomorphic n 

the perinuclear golgi structure Appears as an irregularly-sha 

ences in the configuration of this structure in r1cuRES 22 and 
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PLATE 4 
Ficures 24 to 25. Selected frames from a phase-contrast motion picture sequence on two neutrophiles of 


an containing vacuolar droplets. The upper cell (rIGURE 24) shows a nuclear segment being forced (in FIGURE 
5) between two relatively large droplets illustrating that the droplets have a physical consistency about equal 
that of the nucleus. The lower cell illustrates in FIGURES 24 and 25 respectively that the vacuolar droplets 
ave a physical consistency sufficient to deform the ectoplasmic layer of the drag end of the cell. 

Ficure 26. A selected frame from a phase contrast motion picture sequence on a human neutrophile (upper 
ght cell) containing several variously sized droplets with caplike aggregates of specific granules on their surfaces. 

Ficure 27. A living human neutrophile treated with benzpyrene and viewed with ordinary light showing 
iree nuclear segments and spherical clumps of specific granules. 

Ficure 28. The same cell as in FIGURE 27 but visualized with the U-V fluorescence microscope showing the 


ecial intracellular localization of the fluorescing benzpyrene in the specific granules. 
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FIGURES 30 to 37. Selected frames from a phase-contrast motion 
phile, illustrating the progressive elaboration of vacuolar droplets during the course of 70 minutes with illustra. 
tions spaced at 10 minute intervals. Consult text of paper for further explanatory details. FicurE 30. Att 
minutes. Ficure 31. At 10 minutes. FicurE 32. At 20 minutes. FicurE 33. At 30 minutes. FIGURE 3 
At 40 minutes. Ficurr 35. At50 minutes. FicuRrE 36. At 60 minutes. FiGuRE 37. At 70 minutes. 


PLATE 5 


picture sequence on a living buman neutro: 


PLATE 6 
FicuRES 38 to 49. Consecutive frames (each frame equals 4 second) from a phase-contrast motion picture 
sequence of a neutrophile showing it extruding a vacuolar droplet into the plasma. An arrow in FIGURE 38 identi- 
fies the droplet which becomes extruded. Extrusion begins in approximately riGuURE 43 and is completed in 


FIGURE 49 in approximately $8 of a second. Note the droplet retains its identity in the plasma. 

Ficure 50. A selected frame subsequent to that in rIGURE 49 showing the droplet which was extruded being 
squeezed by its parent cell against an erythrocyte, which it deforms. 

FicurEs 51 to 52. Selected frames from a phase contrast motion picture sequence on a living neutrophile 
showing a droplet (in FIGURE 51 marked by an arrow) which, after extrusion, remained aspherical in the plasma 
(FIGURE 52 marked by an arrow). 

Ficure 53. A selected frame from a phase-contrast motion picture sequence showing a typical spherical 
droplet and an aspheric droplet of neutrophilic origin free in the plasma. The droplets are marked by arrows. 
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PLATE 7 

FIGuRES 54 to 69. Consecutive frames (each frame e 

sequence on an eosinophile, showing it extruding a vacuolar d 

immediately upon entering the plasma. Extrusion begins at completed certainly b 
FIGURE 65. The droplet extruded is identified by an arrow in FIGURE 54. 


quals 18 second) from a phase-contrast motion pictun} 
roplet into the plasma. The droplet disappeaa} 
about FIGURE 59 and is 


FicurEs 70 to 85. Consecutive frames (each frame equals 14 second) from a phase-contrast motion picture 
sequence on a monocyte showing it extruding a vacuolar droplet into the plasma. The droplet is extruded from 
the underneath surface of the cell. It loses its identity immediately upon entrance into the plasma. The droplet 
to be extruded is identified by an arrow in FIGURE 70. Extrusion begins at about riGURE 75 and is completed for 
certain by FIGURE 85. 


DEPRESSIVE INFLUENCES ON LEUKOCYTIC NUMBERS 


By Frank J. Heck 
Section of Medicine, Mayo Clinic and Mayo Foundation, Rochester, Minn.* 


A decrease in the total number of leukocytes may be brought about by ai 
wide variety of conditions. My concern is primarily with the drugs whic 
have been described as causing a reduction in the total leukocyte count to les 
than normal levels and with this decrease, commonly, a reduction in neutro- 
phils. I shall refer only briefly to other causes of leukopenia, giving example 
of these causes, but without making any attempt to include all of them. 

There are many causes of leukopenia. If one attempts to list the instance 
of leukopenia on the basis of their frequency then (1) the infectious causes woul 
certainly head the list. These causes could be subdivided into the more spe 
cific types of infections, such as (a) bacterial, of which typhoid fever would be 
good example; (b) viral infections, such as measles, influenza, or infectiou 
hepatitis; (c) protozoal infections, such as malaria; and (d) overwhelming in 
fections, such as septicemia or miliary tuberculosis. Other causes of leukopenia 
are as follows: (2) hematopoietic disorders or diseases involving particularly 
the liver and spleen (pernicious anemia in relapse, leukopenic leukemias, aplas-- 
tic anemia, portal hypertension, cirrhosis of the liver, splenic neutropenia) ;) 
(3) a group of diseases of unknown cause (disseminated lupus erythematosus,, 
Felty’s syndrome); (4) cachectic states and inanition (anaphylactoid shock);, 
and (5) secondary effects of chemicals and physical agents. In the cases listed’ 
in groups 1 to 4, the leukopenia is secondary to the disease; whereas, in group 
5, which now includes a large number of chemicals, we are dealing with a man- 
made condition which, in many instances, if not promptly recognized, may lead. 
to the death of the patient. This group of cases is therefore of particular im- 
portance from the clinical standpoint. 


Leukopenic Drugs 


Under the name of agranulocytic angina, Schultz,! in 1922, reported a group 
of cases which were characterized by acute onset, chills, fever, and ulceration 
of mucous membrane, which were associated with an extreme leukopenia and 
neutropenia commonly terminating fatally. Rare cases had been reported’ 
previously, particularly one case by Brown.? After 1922, there was a rapid] 
succession of reports in both Germany and America describing cases of this4 
type. 

These groups of cases were in contrast to the cases of benzol poisoning de-- 
scribed earlier by Selling,* in which the clinical course was much more chronic; ; 
the leukopenia and granulocytopenia were accompanied by anemia and throm-- 
bocytopenia; and, at necropsy, a hypoplastic marrow was found. Selling s 
followed this observation by experimentally producing leukopenia in rabbits: 
by injection of benzene. Similarly, it has been noted that arsenic, in both in-- 
organic and organic form, might give rise to a leukopenia. 


* The Mayo Foundation is a part of the Graduate School of the University of Minnesota, Rochester, Minn. , 
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As the result of clinical and pathologic observations made by Kracke in col- 
laboration with Roberts,‘ and after a very thorough survey of all the case re- 
ports available, Kracke became impressed with the idea that the cases of acute 
granulocytopenia, such as were described by Schultz! and Friedemann,° were 
secondary to the ingestion of coal-tar derivatives. 

In 1932, Kracke® published the results of work on the experimental produc- 
tion of agranulocytosis with benzene, as well as with a number of chemicals 
said to be the oxidation products of benzene in the body (phenol, paracresol, 
orthocresol, pyrocatechin, hydroquinone, ortho-oxybenzoic acid and paraoxy- 
benzoic acid, resorcinol) and several others. With benzene, he was able to 
reproduce in rabbits the clinical picture of agranulocytosis. A marked leuko- 
penia was produced by the subcutaneous injection of ortho-oxybenzoic acid 
(salicylic acid) and the intravenous injection of hydroquinone. In a study of 
nine patients having agranulocytosis seen by him, eight had been taking coal-tar 
derivatives prior to the clinical onset. However, by oral administration of 
phenacetine, aminopyrine, peralga and dial to rabbits over a 45-day period, 
no reduction in leukocyte count was obtained. 

Kracke did not carry out the crucial experiment of administering these drugs 
to his patients with agranulocytosis. It remained for Madison and Squier’ 
to show a specific relationship between agranulocytosis and the administration 
of aminopyrine. All six of their patients in whom aminopyrine was used thera- 
peutically after the onset of the disease died. Of eight others in whom the drug 
_was discontinued only two died. Madison and Squier were able to induce typl- 
cal attacks of agranulocytosis by the administration of aminopyrine. Similar 
findings were reported simultaneously by other observers (Videbech,® and 
Holten and his associates’), following which the relationship of the drug to the 
acute form of granulopenia became much better recognized, and it was appre- 
ciated that many other drugs were also involved as etiologic agents. 

In 1934, Kracke and Parker’ reported further on their experimental work 
and also gave data from the United States Bureau of Vital Statistics showing 
that, in 1931, 1932, and 1933, a total of 1,314 deaths was reported under the 
heading of “agranulocytosis” and “agranulocytic angina.” 

In the intervening years, more than 50 different drugs (TABLE 1) have come 
to be recognized, which may produce the syndrome variously described as 
“agranulocytic angina,” “agranulocytosis,” “acute granulocytopenia,” or 
“malignant neutropenia.”” In addition to the foregoing, however, there are 
drugs which produce leukopenia and neutropenia of a much more chronic form, 
and without specifically related clinical symptoms. 
~ As one reviews the literature, it becomes apparent that these drugs can be 
classified, to a certain extent, in definite groups which may be quite closely re- 
ated chemically. While Kracke’s original concept that benzene oxidation 
products were responsible for the disease has not been upheld, yet the majority 
of drugs producing the disease are benzene-ring or, commonly, some other type 
of ring compounds. Although, from the pharmacologic standpoint, there is 
no specific relationship between structure and toxicity, it is recognized that the 
introduction of certain chemical groups may have a modifying effect sufficient 
to make a compound much less toxic. An example of this effect would be ac- 
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TABLE 1 
Drucs PRropucING LEUKOPENIA 


Sulfonamides Organic arsenicals 
Prontosil Acetarsone | 
Neoprontosil Arsphenamine 
Sulfanilamide Mapharsen 
Sulfapyridine Neoarsphenamine 
Sulfathiazole Sulfarsphenamine 
Sulfaguanidine 
Sulfadiazine Miscellaneous 
Sulfamerazine Pronestyl 
Succinylsulfathiazole Tibione 
Gantrisin Atabrine 

Diparcol 

Drugs used in blood dyscrasias DDT 

Aminopterin Presidon 


A-methopterin 
6-Mercaptopurine 


Nitrogen mustards Antipyrine 
Phenylhydrazine Aminopyrine 
Triethylene melamine Phenylbutazone 
Urethan Phenacetin 
Benzene and simple derivatives Inorganic radicals 
Benzene Arsenic 
Aniline Bismuth 
Dinitrophenol Gold 
Iron (1.V.) 
Antibiotics Mercury 
Chloramphenicol 
Penicillin Antithyroid drugs 
Streptomycin Thiourea 
Thiouracil 
Antihistamines Propylthiouracil 
Antergan Methylthiouracil 
Pyribenzamine Tapazole 
Diatrin 


Quinoline-ring compounds Dilantin 
Quinine Mesantoin 
Cincophen Tridione 
Vioform Phenurone 


Analgesic drugs 


Anticonvulsant drugs 


etanilid, in which the substitution of an acetyl group for one of the hydrogens: 
of the amino group in aniline markedly reduces the toxicity of the preparation. . 
Likewise, it has been shown that an ethyl group substituted in place of a methyl! 
group provides a preparation of lessened toxicity. 

While the toxicity of benzene and its simple derivatives, phenol and aniline, , 
is well recognized, there are, so far as I am able to discover, no authenticated | 
reports of granulocytopenia or bone-marrow damage resulting from such simple } 
derivatives as salicylic acid or acetylsalicylic acid. 

In addition to organic compounds, there is also evidence of metallic elements; 
having an adverse effect on leukocytes and the bone marrow. The number of 
these elements is rather small, and the compounds may be either inorganic or’ 
organic. Up to the present time, arsenic, bismuth, gold, and mercury have: 
been incriminated, excluding those elements which depend for their leukocyte- 
depressing effect on radiation of some type. 


‘e 
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NHe 
NH,SO2— —N=N —NHo»'HCl 
Prontosil 


Ni === 
H,N- —~SOoNH, —NHW “NHC 
S eee 


Sulfanilamide Sulfadiazine 


Sulfathiazole 
FicurE 1. Some of the members of the sulfonamide group. 


In sheer numbers alone, the various sulfonamide drugs (r1cURE 1) form the 
largest group of compounds known to produce agranulocytosis. Historically, 
it is interesting to review the literature of the various compounds as they ap- 
peared and to note the statements made regarding hematopoietic effect. A 
group of 100 patients treated with a given drug would be reported, and the 
statement would be made that there was no adverse effect on the blood, only to 
be followed shortly by reports of agranulocytosis from the same drug. This 
phenomenon points up the necessity for recognizing that, for the most part, 
the occurrence of granulocytopenia or, for that matter, any other blood change 
secondary to drug ingestion is usually a rarity, and that experience must be 
obtained not from merely 100 cases, but rather from thousands, before any 
broad statements regarding toxicity are made. 

The various analgesics, aminopyrine, acetophenetidin, and antipyrine, form 
another large group to which there is occasional sensitivity. As noted previ- 
ously, it was Kracke’s observation that benzene-ring compounds should be in- 
volved, which led to a solution of this problem. As a part of his facts, Kracke 
noted the increased frequency of occurrence of agranulocytosis in Germany and 
sn the United States, and its rarity in England, where this type of drug was 
‘used to a lesser extent. In the recent renewal of interest in drugs such as irga- 
pyrin, butapyrin and, finally, butazolidin, there was some tendency in England 
to discount the side effects of aminopyrine, and only after the report of unfavor- 
able experiences was more adequate recognition given the possible dangers 
that this group of drugs might cause. In irgapyrin and butapyrin, which are 
mixtures containing aminopyrine, agranulocytosis was to be expected. Clinical 
observation showed that the closely related butazolidin also produced agranulo- 
cytosis. Another member of this group, 4-aminoantipyrine, has also been re- 
ported as producing agranulocytosis. FIGURE 2 shows the structural formulas 
of several of these drugs and their close chemical relationship. 

The following cases demonstrate vividly the occasional leukopenic effect of 
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CH CH; CH; CH; 
Co Ne Bee 
| | wake pe yas | 
CH; | 
| | | 
Antipyrine Aminopyrine | 
| 
NaQ CH, Dus 
ee, a gm 
CH3,CH,CH,CH,C. N ws N 
a ae NH 4 G 
eon | 
Phenylbutazone 4-amino antipyrine} 


FicurE 2. Pyrazolon-ring compounds. 


these drugs: 

Case 1. A male executive, aged 56 years, was seen Sept. 29, 1952, becaus 
of rheumatoid arthritis of 20 years’ duration. Since August 18, when the ad- 
ministration of cortisone had been discontinued, he had been unusually fatigued, 
and had been taking three tablets of phenylbutazone (butazolidin) daily. H 
had continued taking the latter drug through September 29, omitting it only ont 
September 26. On September 30, the patient said he felt as though he ha 
“flu.”” More fatigue and aching had started on the afternoon of September 29.) 
The temperature was 101.2° F., there was no sore throat, the leukocytes num- 
bered 600 per cubic millimeter of blood on September 30, and there were noi 
polymorphonuclear leukocytes present. The blood counts for succeeding day 
are given in TABLE 2. 

Case 2. A housewife, aged 28 years, was given four capsules of 4-aminoanti- 
pyrine daily for two months, in the hope that it would relieve her symptoms of! 
rheumatoid arthritis. On July 1, 1952, sore throat, sore gums and blisters on! 
the tongue developed. On July 2, the cervical lymph nodes were enlarged and 
the temperature rose to 102.6°F. On July 3, the leukocyte count was 2,100! 
per cu. mm. of blood, with practically no polymorphonuclear leukocytes. 
Physical examination disclosed marked gingival hypertrophy and redness, 
and moderate bilateral cervical adenopathy. Only protective treatment was 
given, consisting of 600,000 units of penicillin a day. The blood findings for’ 
succeeding days are given in TABLE 3, 


a 
2 Heck: Depression of Leukocytic Numbers 901 
a5 TABLE 2 
Z Bioop Counts IN CASE 1 
} Leukocytes 
Date 
Total per cu. mm. |Neutrophils, per cent|Eosinophils, per cent 
BRR SSE EE 2 Ortera y Drain oh reds etare Qian = =. &s 1,400 
BEBREHU DEL OU Meiers cto dees cy sce 3g wend 600 0 
PTC UMM ae ig =o nes ss vs 5 1,400 0 *3 
SG 5 be eee 900. 0 4 
* GBS Oe Seth ne Sa it ir 1,800 0 19 
ia Ck a eee ee 1,050 0 14 
nee SES pe eee 1,400 4 2 
NS Os on ee 1,600 2 
RCN IW es ohn cc oa wee ee 1,100 14 
Slave fo ae eee 
aN? Coed ie ee ree 1,300 14 
RECT LOM ire, gs cre ice Se see ote. we 1,600 19 
ghee Ae ee a ee eee 2,600 21 
SIGE DRE Rs eae eee ieee 2,400 20 


_ *Bone-marrow aspiration disclosed on: October 1, only scattered progranulocytes and myeloblasts; 
ae ad pen cent myeloid cells and 2 per cent blasts; October 15, marked increase in myeloid elements 
over October 8. 


TABLE 3 
Bioop Counts IN CASE 2 


Leukocytes 
Date 

Total per Polymorphonuclear| Immature myeloid 

cu. mm. cells, per cent cells, per cent 
a ee 600 0 
MONO ok eee et et 850 0 
Ne Pisa oe ae se 1,000 0 
BAM Soc thew wide osu 900 0 
eo a cbr oye 0s 1,300 2 
APs ya elec el es 2) 200 18 10.5 
SG eae on ere 2;900 40 14 
BN ee re Cras oe. 4100 17 28 
2 Se ee oearee 9,400 58 12 


_ *Bone-marrow aspiration. 


~ Members of two other groups of ring compounds that produce agranulocytosis 
are the antithyroid drugs and the anticonvulsant drugs. The antithyroid 
drugs are derivatives of thiourea, while the anticonvulsant drugs contain hy- 
dantoin or oxazolidine rings. These drugs are shown in FIGURES 3 and 4. 

— The last large group of drugs closely related chemically that produce agran- 
ulocytosis are the organic arsenicals, shown in FIGURE 5. At the time when 
use of these preparations was at its peak, pure agranulocytosis due to them was 
relatively rare, and it was much commoner to see more severe hematologic dis- 
turbances such as aplastic anemia and thrombocytopenic purpura. In the 
case of sulfarsphenamine, the incidence of hematologic complications was so 
high that its use was abandoned in favor of the other safer arsenicals. At pres- 
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S—=C S—C CH 


| | | 


HoN HN———-C=0 


Thiourea Thiouracil 


Methylthiouracil Propylthiouracil 


Ficure 3. Antithyroid drugs (thiourea and derivatives). 


ent, with the marked reduction in use of all arsenicals, reactions of this kin 
are extremely rare. 

Certain quinoline compounds and a host of other not necessarily related ben+ 
zene-ring compounds and other organic compounds comprise the greater per 
centage of drugs not grouped above. These drugs include such diversifie 
preparations as some of the antihistamine preparations, Aminopterin, nitrogen 
mustard, procaine amide hydrochloride (pronesty! hydrochloride), and others. 

In the metallic element group, my colleagues and I have recently experience 
a case which, while unproved as to the exact compound involved, was almost} 
certainly secondary to the ingestion of inorganic arsenic. In contrast to th 
acute agranulocytosis produced by most of the members of this group, thi 
case was the type of chronic leukopenia which is seen following administratio 
of nitrogen mustard, gold, or radiation therapy, and other agents. In most of} 
the more chronic leukopenias, there are seldom any clinical symptoms present 
which would direct attention to a consideration of the leukocyte count, and 
recognition comes about only as the result of routine blood studies. Lawson, 
Jackson, and Cattanach," in 1925, reported a series of cases of arsenic poisoning} 
in which there were leukopenia and eosinophilia with rapid return over a period| 
of several weeks to a normal total and differential count. 

Case 3. The patient, a white man aged 41 years, registered April 7, 1954,. 
complaining of paresthesias in arms and legs and inability to walk. About Feb. 


Heck: Depression of Leukocytic Numbers 903 


| i 
C Cc 
eS aes 
a 2 H aie 
C,H C,H 
= 4 oa O= aCe 2 Oleh as 
C,H, No,Hs 
Dilantin Mesantoin 
O 
: : 
= iene ~ 
an N—-N—CH NO» CH; C 
CH 
o—¢——C—-H, ‘ C=C ee 
CH, 
Furadantin Tridione 
N-(5-nitro-2 furfurylidene)- 55, joerimeth gle 
1-aminohydantoin oxazolidine, 2,4 dione 


Ficure 4. Several anticonvulsant drugs. Furadantin shown above is not an anticonvulsant drug, but is 
included because it is a hydantoin derivative. It has not been reported as producing granulocytopenia. 


AsO(OH 
ee? NHGH20SONa 
one, 
—NHCOCH3 
| 
OH Neoarsphenamine 
Acetarsone 
~ AsO NaOSOpCH2NH NHCH2S020No 
oe ae 
—NH,-HC! 


OH 


Sulpharsphenamine 


Mapharsen 
Ficure 5. Some members of the organic arsenical group. 
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1, 1954, he had noted constant dull left frontal headache, starting at noon and 
lasting the rest of the day. The headache would be gone the next mornings 
On March 6, following ingestion of braunschweiger sausage, he felt nauseated | 
On March 7, he vomited before breakfast. He went to work but became pro» 
gressively more fatigued during the day and was unable to work. On March 9) 
his eyes were sore and red, and periorbital puffiness developed. Exhaustio 
and weakness continued through this period. On March 29, the leukocytes 
count was found to be 450 per cu. mm. of blood and, on March 30, 550 per cui 
mm. At this time, numbness and tingling in tips of fingers and toes developed | 
The patient could not walk without help because his knees and ankles gave way.) 
Paresthesias rapidly extended to above the knee and to the wrist. Betweem 
March 31 and April 5, the leukocyte count varied between 1,150 and 3,250 pen 
cu. mm. of blood, with the eosinophil percentage 21. 

On physical examination, the outstanding finding was weakness of muscles of 
upper and lower extremities, with complete loss of joint sense in feet, ankles, 
and knees, and moderate reduction of joint sense in fingers. There was marked} 
reduction of vibratory sensation over ankles and hands. Lumbar puncture did 
not show a diagnostic change. Because of the picture of a motor and senso 
neuritis, the urine was examined for arsenic, and showed a concentration ofl 
1.65 mgm. per liter. Subsequently, fingernails and hair were also checked fon 
arsenic, with values reported of 2.58 mgm. per 100 gm. and 1.76 mgm. per 1004] 
gm. respectively. Initial leukocyte count was 2,600 per cu. mm. of blood, 
with 19 per cent eosinophils. A diagnosis of arsenical neuritis was made, andi} 
treatment with BAL was instituted on April 12. By April 23, the leukocyte 
count was 5,400 per cu. mm. of blood, and the differential count showed lym- 
phocytes 27 per cent, neutrophils 70 per cent, and eosinophils3 percent. Bone~ 
marrow aspiration, on April 13, showed a somewhat hypocellular marrow, but# 
with all marrow elements present in about normal distribution. 


Mode of Action 


Madison and Squier, at the time of their original article in 1934, felt that, im 
view of the widespread use of such drugs as aminopyrine and the very rare# 
occurrence of cases of agranulocytosis, an allergic or hypersensitivity reaction 
would offer the best explanation for the development of the illness. Dame- 
shek and Colmes” were unable to reproduce the symptomatology in patients 
recovered from the disease by the intradermal injection of a plain solution of 
aminopyrine, but showed that a blood serum-aminopyrine mixture, which hadi 
been aged in the icebox several days and then injected intradermally, produced 
the syndrome. They accordingly postulated a drug-protein linkage as thed 
basis of an allergic or hypersensitive reaction. | 

In 1952, Moeschlin and Wagner" reported their study, in which 300 cc. offf 
blood was taken from a patient with aminopyrine sensitivity after 0.3 gm. off 
aminopyrine had been given, and this blood was transfused into a normal per- 
son. A marked drop occurred in the total leukocyte count of the recipient,| 
the count decreasing from 5,000 to 800 per cubic millimeter of blood after 40 
minutes. The recipient experienced subjective discomfort and became pale, | 
though no fever or shaking chill appeared. The decrease in leukocytes occurredil 
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mainly in the granulocytes, and there was a return to a normal count within 
our hours. Simple administration of aminopyrine to the recipient did not 
produce any change in the number of leukocytes. The study was repeated 
in another recipient, with the same result. In studies im vitro, Moeschlin and 
Wagner showed agglutination of normal leukocytes, as well as of the leukocytes, 
of an aminopyrine-sensitive patient when these were mixed with serum or 
plasma of an aminopyrine-sensitive person three hours after administration of 
0.3 gm. of aminopyrine. They therefore postulated the production in sensi- 
tive patients, after administration of aminopyrine, of a factor that causes ag- 
glutination of granulocytes. They theorized on the basis of the work of 
Weisberger, Heinle, and Hannah," that the agglutinated leukocytes are re- 
moved mainly by the lung. 

It has been established by Rohr" that, in the bone marrow, there is to a large 
extent a loss of célls from mature to less mature forms, and that the degree of 
loss is related to the amount of drug administered. In other words, the meta- 
myelocytes tend to disappear first, and later the myelocytes and, finally, in 
severe cases, only promyelocytes or even reticulum cells remain. These effects 
correspond to what is observed generally in the disease, in that recovery is 
much less likely to occur if administration of the offending drug is continued. 
The peripheral destruction and loss of leukocytes lead to increased demand on 
the marrow, with resulting exhaustion of the marrow. Whether this interpre- 
tation is entirely correct or not, the facts, as seen clinically, fit in very well with 
such a concept. 

It therefore seems likely that almost all cases of acute primary granulocyto- 
penia (that is, where there is no other disease present causing a drop in leu- 
kocytes) should be explicable on such a basis. One other bit of evidence might 
be brought up in support of the allergic or sensitivity theory: Christensen!® 1” 
has shown that there is a high percentage of protein binding for a number of 
the thiouracils, although in the most active compounds, the degree of protein 
binding was the least, so that, in the case of the antithyroid drugs, one might 
expect a higher proportion of patients treated with these drugs to develop 
agranulocytosis than of those treated by other methods. 

A second method by which cells and bone marrow could be affected would be 
by a toxic change, the method postulated for gold, benzol, urethane, and so 
forth, where, although acute reactions occur, a more chronic reduction of the 
leukocytes is more often seen. Bastrup-Madsen’® classified cytotoxic com- 
pounds into three main groups: (1) specific mitotic compounds (spindle poi- 
sons), of which colchicine is typical; (2) agents with an unspecified cytotoxic 
effect, to which group arsenicals and urethane belong; and (3) agents with a 
radiomimetic effect. Nitrogen mustard belongs to this group and affects cells 
in the resting phase. This effect cannot be noted until the cells divide after 
having been exposed to the injurious agent. 


Summary 


(1) Two types of reactions are seen secondary to administration of drugs 
which produce a leukopenia and loss of neutrophils and, at times, of lympho- 
cytes: (a) agranulocytosis, in which there is acute reaction with chills, fever, 


| 


mucosal ulceration and, commonly, bone pain; (b) a more chronic type of leu- 
kopenia with neutropenia, which, in the main, is not productive of the clinical 
syndrome described under (a). | 

(2) More than 50 drugs are now known to produce acute reactions wit 
agranulocytosis. These drugs may fall into several groups, the members 0 
which are closely related chemically, such as the sulfonamides, certain analgesi 
drugs, organic arsenicals, antithyroid, and anticonvulsant groups. Many o 
the others show some chemical relationship. Not all these drugs contain th 
benzene ring, but almost all of them are ring compounds of one type or another. 

(3) The acute reactions are best explained on an allergic or sensitivity basis. 
The evidence for this viewpoint is presented. 

(4) The drugs producing the more chronic type of reactions commonly d 
so as the result of a toxic effect on the marrow cells. 
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SOME ASPECTS OF HORMONAL INFLUENCES UPON THE 
LEUKOCYTES* 


By Albert S. Gordon 


Department of Biology, Graduate School of Arts and Science, New York University, 
New York, N.Y. 


The physiologist engaged in hematologic research constantly seeks to uncover 
new approaches toward the solution of one of his most elusive problems, the 
functions of the blood leukocytes. It has been thought that this question 
might be treated through a consideration of the mechanisms by which environ- 
mental stimuli influence the production, distribution, and ultimate fate of the 
leukocytes. It was felt that a collation of the essential facts gathered from 
such a discussion might stimulate new interest, reveal clues, and provide spring- 
boards for the launching of more vigorous attacks on problems linked directly 
to leukocytic physiology. 

Evidence has been steadily accumulating in recent years to show that the 
endocrine factors must be added to the list of potent stimuli that exert an in- 
fluence upon the white blood elements. It will be the purpose of this report 

to review briefly some of the more pertinent evidence favoring an endocrine 
relation to the leukocytes. Emphasis will be placed upon those phases dealing 
with the pituitary and adrenal glands which have been the subject of recent 
intensive attack. 

A relation between the ductless glands and the blood leukocytes had been in- 
timated in many of the early clinical reports. Illustrative of this are the lym- 
phocytosis characteristic of the Addisonian,’ the eosinophilia of Simmonds’ 
disease? and thelymphocytosis and granulocytopenia forming a part of Kocher’s* 
blood picture in thyrotoxicosis. Apart from a few experimental reports*’ 
describing lymphocytosis and neutropenia as characteristic of hypoadrenalism, 
generalized interest in this field lay relatively dormant until the appearance of 
evidence demonstrating the unequivocal participation of the pituitary-adrenal 
axis in the regulation of the blood leukocytes. Selye’s* basic description of 
lymphoid tissue involution as an accompaniment to the “alarm” reaction in 
stress set the stage for further and more detailed studies of endocrine influences 
upon the lymphocytes. The experiments of Dalton and Selye® revealed lym- 
phopenia, eosinopenia, and neutrophilia as a triad of peripheral blood effects 

in animals stressed by formaldehyde injections or by severe exercise. Dough- 
erty and White!® demonstrated that administration of a single injection of 
‘ACTH into mice, rats, and rabbits induced, within a few hours, absolute lym- 
phopenia and neutrophilia. The lymphopenic response to ACTH was abol- 
ished by adrenal removal but not by hypophysectomy. On the other hand, 
adrenal cortical extracts and 11-oxysteroids were able to produce a depression 
of lymphocytes, not only in intact animals, but in those deprived of their ad- 
renals as well. The studies of Hills, Forsham, and Finch" served to delineate 


4 : t , . ; F " ee 
* Some of the experimental work described in this report was conducted in the author’s laboratory during t 
ive of iieia aid from the American Cancer Society upon recommendation of the Committee on Growth of 
the National Research Council and by funds provided under contract AF 18(600)366 with the United States Air 
Force School of Aviation Medicine, Randolph Field, Texas. 
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the influence of ACTH upon the formed elements of the peripheral blood off 
human subjects. At four hours after the injection of 25 mgm. of ACTH, a 
mean decrease in lymphocytes of 39 per cent and a neutrophil rise of 104 per| 
cent were reported. Employing the chamber method for enumerating eosino-| 
phils, a mean decrease of 73 per cent in these elements was detected in the same# 
patients. The absence of the lymphocyte and eosinophil response to ACTH] 
in the Addisonian patient led to the inescapable conclusion that a functional! 
adrenal cortex was necessary for the evocation of the reaction. The clear-cut 
difference noted in the eosinophil response to ACTH in the Addisonian as com- 
pared to the normal subject suggested the use of this test in the diagnosis off 
adrenocortical insufficiency” and as a bioassay for ACTH and the 11-oxyster- 
Olds. 9. 

In order to visualize more clearly the influence of adrenal factors upon the> 
leukocytes, the data of Nelson ef al.° have been plotted on a single graph 
(FIGURE 1). Here are indicated the effects of a single 100 mgm. dose of Com- 
pound F (17-hydroxycorticosterone acetate) administered orally to a human) 
subject. Within one hour, there occurs a 35 per cent decrease in the numbers 
of circulating eosinophils accompanied by a slight rise in the numbers of lym-: 
phocytes and polymorphonuclear leukocytes. At four hours, eosinophils have: 
disappeared from the peripheral blood, a reaction associated with a significant | 
decrease in the numbers of lymphocytes and a marked rise in the numbers off 
neutrophilic elements. Slight waning of these effects is apparent by the eighth) 
hour. It will be observed that the blood levels of 17-hydroxycorticosteroids 
become maximal shortly before the peak deviations in the formed elementsd 
occur. The total white cell count generally increases in animals that have a 
greater proportion of neutrophils to lymphocytes (e.g., in man) and decreases 
in forms such as the rabbit, mouse, and rat,!° in which the lymphocyte is the: 
predominant circulating white blood cell. | 

An attempt will be made now to analyze briefly the mechanisms underlying 
pituitary-adrenal influences upon the peripheral white cells. It should be ap-4 
parent that the numbers of formed elements in the circulating body fluids are aij 
reflection of the homeodynamic balance between those factors regulating the 
production and release of the cells from organs and tissue sites as opposed to) 
those forces influencing their removal. There is evidence available that many, | 
if not all of these phenomena are influenced by the endocrine system. 


I. LympHocyTEs 


A. Is the Lymphopenia Induced by Adrenal Cortical Factors and Stress Due tot 
Effects Exerted upon the Lymphatic Organs? 


Adrenalectomy has been reported uniformly to result in an increase in the 
absolute weight of the lymphoid tissues.!® Doubt, however, has been cast ond 
the interpretation that this increase represents true hyperplasia because of 
evidence that the thymus/body weight ratios in adrenalectomized animals ared 
no different from those noted in intact well-fed animals of the same strain,,| 
subjected to minimal stress.’ This observation is supported by the findingy 
that no increase in the numbers of thymocytic mitoses occurs following adrenal-4 
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FicureE 1. Effects of a single dose of hydrocortisone acetate upon the plasma 17-hydroxycorticosteroid and 
leukocytic (polymorphonuclear neutrophils, eosinophils and lymphocytes) levels in a human subject (calculated 
on a per cent change basis from the data of Nelson'*). 


ectomy in the rat. On the basis of the evidence, one is inclined to agree with 
Selye!? that adrenal removal serves merely to protect the lymphoid tissues 
against those influences that would produce involution. 

More impressive evidence for a pituitary-adrenal action upon the lymphatic 
tissues is derived from studies dealing with the effects of various stresses and 
adrenal hormones. It was Selye!® who first crystallized the concept of lymphoid 
tissue involution during the “alarm” reaction phase of the general adaptation 
syndrome. Selye demonstrated that a wide variety of alarming stimuli 
(epinephrine, formaldehyde, morphine, atropine, spinal shock, surgical shock, 
cold, exercise) produce, within a few hours, marked disintegration of the lym- 
phoid elements within the thymus. Increased phagocytosis, edema of the 
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connective tissue stroma, and hyperplasia of the reticulum are associated phe- 
nomena. In the severe reaction, only the stroma and modified reticulum 
remain, and the thymus weight is greatly reduced. The reaction of the lymph 
nodes and spleen is similar to, but less intense, than that displayed by the thy- 
mus. Adrenalectomy was found to prevent the thymic involution that follows 
the application of noxious stimuli. 
Dougherty’® has described succinctly the effects of ACTH and adrenal corti-| 
cal factors upon the lymphatic organs. ‘Following a single injection of ACTH, | 
the earliest change in lymphatic tissue was a marked edema which occurred) 
within one hour and persisted for six hours. During the stage of edema the} 
lymphocytes diminished in numbers and exhibited marked degenerative } 
changes. There was a cessation of mitosis of small and medium-sized lym-| 
phocytes and a development of reaction centers in the lymph nodes. Later t 
(six to nine hours) numerous macrophages were observed which were filled with; 
nuclear debris derived from disintegrating lymphocytes. These latter cells: 
showed no degenerative alterations with amounts of adrenocortical hormones 
which destroyed the smaller lymphocytes. Histiocytes underwent various 
morphological alterations but showed no signs of degeneration.”’ The most 
marked degenerative effects were noted in the small and medium-sized lymph- 
ocytes which displayed cytoplasmic budding, pyknosis, and karyorrhexis. 
These descriptions emphasize a basic similarity in the pattern of response of! 
the lymphatic organs to stress and to ACTH, and therefore tend to implicate 
the adrenal cortex in the regulation of the numbers of circulating lymphocytes. | 
It should be emphasized that, although the effects of stress appear to be medi- + 
ated in large measure through the pituitary-adrenal axis, there are examples of | 
stressor agents which produce acute involution of the lymphoid tissues in the > 
absence of the adrenal. These agents include X radiation, the nitrogen mus- - 
tards, and pyridoxine deficiency. The data, however, are uniform in indicating ; 
that the effects of these agents in the intact animal must be attributed, at least 
in part, to involvement of endocrine phenomena. 
More details of the effects of adrenal steroids upon the lymphatic system have } 
been provided by Santisteban and Dougherty.2° Kendall’s Compound F (17- - 
hydroxycorticosterone) was found to be the most potent in causing thymic} 
involution in the adrenalectomized mouse, with Compounds E (11-dehydro-17- - 
hydroxycorticosterone), B (corticosterone), and A (11-dehydrocorticosterone) ) 
possessing a decreasing order of effectiveness. Reichstein’s Substances L, 
[allopregnane-3(8): 17(a):diol-20-one] and S [4-pregnene-17(a):21-diol-3:20- / 
dione] were shown to have some thymolytic activity whereas DCA (11-desoxy- - 
corticosterone acetate) glucoside increased thymic weight. Likewise, proges- 4 
terone has been reported to increase thymic size and Substance L, testosterone ! 
and estrogen to evoke hypertrophy of lymph nodes in the rat. It is of inter-+ 
est that adrenal cortical extracts, more effective than single 11-oxysteroids in} 
inducing weight gains in adrenalectomized animals, are less effective in evoking § 
thymic atrophy.!®: * The possibility should be investigated that some of the } 
steroids present in the whole extract may function in an antagonistic manner ’ 
towards the lymphoid elements. 
With continuous administration of ACTH, there results a marked suppres- 
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ion of lymphocytic mitosis and therefore an impaired production of lympho- 
ytes. It is of interest that, in such chronically-treated rats, lymphocytolysis 
; not seen as clearly as in the acutely-treated animal” probably because fewer 
ymphocytes are available for destruction. Emphasized in this report is the 
reater sensitivity to ACTH of the thymocytes over that of the lymphoid ele- 
nents of the spleen and lymph nodes. This greater sensitivity may be related 
o the greater rate of cellular proliferation in the thymic parenchyma.” 

It has been observed that the pattern of peripheral lymphocytic behavior 
voked by stress is not the exact counterpart of that resulting from adrenal 
ortical treatment.2> Following stress, there occurs first a rise in the levels 
f circulating lymphocytes (Phase I). This rise is then followed by the char- 
cteristic lymphopenia (Phase II), after which there is a return to normal levels 
Phase III). Epinephrine release is held to be the factor accountable for 
Phase I. It is difficult to accept the hypothesis that this agent acts solely 
hrough stimulating the release of lymphocytes from the spleen, since it can 
secur in the splenectomized animal. 

Not only is a full complement of lymphoid tissue involution in response to 
stressor agents dependent upon the persistence of some adrenal cortical func- 
ion, but an actual enhanced lymphopoiesis may occur in response to stress in 
he absence of the adrenal.2* Subjection of adrenalectomized mice to such 
stresses as starvation, histamine, epinephrine, or anaphylactic shock results in 
1 lymphocytosis of far greater magnitude than that seen in the unstressed ad- 
‘enalectomized animal. Splenectomy does not alter this response. The cells 
contributing to this “lymphocytotic response” show an increased cytoplasmic 
nuclear ratio and a weakly basophilic cytoplasm. These “stress lymphocytes”’ 
are said to resemble the cells seen in infectious mononucleosis (Type II lym- 
phocytes of Downey). 


B. Possible Direct Effects of Adrenal Factors upon the Lymphocyte 


Opinion is divided as to the in vilro effects of cortical steroids upon the lym- 
phocytes. Heilman” observed that the addition of cortisone to hanging drop 
cultures of lymph nodes led to inhibition of lymphocytic migration and to some 
augmentation in degeneration after 24 hours. Similarly Holden, Seegal, and 
Ryby” noted an inhibitory action of cortisone acetate upon the migration of 
lymphocytes in spleen cultures. On the other hand, Baldridge et a.?° could 
Gnd no evidence for any lymphocytolytic effect of cortisone acetate when added 
fo hanging-drop cultures of buffy coat of human blood. Absence of direct 
lymphocytolytic action of aqueous adrenal extracts*® and of Compound A (11- 
dehydrocorticosterone)" has also been reported. On the other hand, 
Schrek®?: 83 found shortened survival time (increased eosin staining) of lym- 
phocytes incubated with small concentrations of Compounds F, B or E. Doses 
as small as 0.06 wg. per ml. were found to be effective. Hechter and Johnson 
and Feldman*®* observed that addition of cortical extracts increased the sus- 
ceptibility of lymphocytes to lysis. A number of 11-oxysteroids was also 
tested, including Compounds E and B, which were found incapable of acceler- 
ating lymphocytic destruction. Feldman* has observed that incubation with 
an adrenal cortical extract (lipoadrenal cortex) results in a characteristic cyto- 
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plasmic bubbling in neutrophils, lymphocytes, monocytes, and eosinophils, 
phenomenon preceding their disintegration. Sex steroids were also found Hi 
exert a destructive influence upon the leukocytes which, however, was not pred 
ceded by the cytoplasmic bubbling. More recently, Frank and Dougherty’ 
have reported a similar bubbling phenomenon in human lymphocytes in i 
buffy coat preparation suspended in plasma and exposed to hydrocortisone orf 
cortisone. Of considerable interest in this field are the recent experiments of 
Trowell,*® who studied the effects of adrenal steroids added directly to rat lymph 
nodes cultivated in a serum-saline medium on wet cotton wool. Cortisona 
exerted a definite destructive effect in quantities as small as 0.1 wg. per ml 
The process, apparently, is a slow one, with the numbers of lymphocytes kille¢ 
proportional to the log of time over the first 24 hours. Desoxycorticosteronag 
was slightly effective in larger concentrations, whereas testosterone, estradiohl} 
and progesterone proved ineffective. No specific cytologic alterations in tha 
lymphocytes were apparent, from which Trowell has concluded that the phegg 
nomenon of lymphocytic shedding and budding represents a manifestation of 
a generalized cell destruction process not peculiar to the lymphocyte. Calcuif 
lations indicate that the destructive action upon lymphocytes is observed with 
cortisone at a concentration lower than that seen with any other substance (e.g.; 
it is 1000 times more toxic than cyanide). It is of interest that the reticulang 
cells and macrophages in the culture remained unaltered by the steroid addi 
tion. 

It should be clear, although it is not always kept in mind, that statements 
regarding a possible direct influence of hormonal agents are not warranted un- 
less only the particular cell type in question is present in the experimental sys 
tem. ‘This condition holds especially for tissue culture incubations not involv- 
ing pure cellular types, and even for buffy coat preparations in which more thar 
one type is included. It is conceivable that the effect of the hormone might 
be exerted directly upon another cellular line, and that the secretory or break-~ 
down products yielded by this element might then exert a secondary actior 
upon the cell examined. Experiments should be directed at determining the 
particular cell type that responds first, either on a structural (histochemical) 
or metabolic basis, to the adrenocortical steroids, for this finding might provide! 
a clue as to the initial link in the chain of cellular effects induced by these 
factors. Remaining to be determined, in this connection, is the significanced 
of the lymphopenic reaction preceding chronologically the eosinopenia follow- 
ing administration of pituitary-adrenal agents.%9 

In summary, the evidence remains equivocal as to whether adrenal cortical, 
factors exert a direct influence upon the lymphocytes in lymphatic organs or im 
the body fluids. Further experiments are required to test the possibility that 
other tissues, particularly reticuloendothelial in nature, mediate the effects of 
the adrenal cortex and of stress in the destructive process. 


C. Possible Effects on Redistribution of Lymphocytes 


Indications can be found in the literature that endocrine factors influence thes 
movement of lymphocytic elements from the circulating blood to organs whered 
they may be temporarily sequestered. Thus Yoffey*® has deduced that thed 
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ymphoid nodules found in bone marrow represent ‘focal accumulations of 
ematogenous lymphocytes which have migrated through the walls of the capil- 
ries.” Farr‘! employed lymphocytes treated with a diamino-acridinium non- 
oxic vital stain, which renders the cells fluorescent when stimulated with near 
Itraviolet light. Following their intravenous injection, such ‘labeled’ lym- 
hocytes were found within two hours in the bone marrow, thymus, mesenteric 
ymph node, appendix, Peyer’s patches, and the splenic white pulp. Accord- 
ng to Yoffey and his associates,” the peripheral lymphopenia caused by a single 
njection of ACTH or cortical extract is accompanied by a significant increase 
n the numbers of lymphocytes within the bone marrow. It was observed, 
lowever, that repeated administration of ACTH over a seven-day period re- 
ulted in no significant alteration in the numbers of marrow lymphocytes.* 

It is difficult to decide, at present, to what extent migration of the lympho- 
ytes to tissue sites contributes to the acute peripheral lymphopenia induced 
yy cortical factors or by stress. Such a tendency might be obscured, in some 
pecies, by simultaneous release of lymphocytes from storage organs, including 
he spleen, as had been observed following administration of adrenal cortical 
xxtract.4#: 4° Although the lung has also been implicated as a site of lympho- 
ytic sequestration, experiments by Weisberger and his associates*® have shown 
hat the rapid filtration of intravenously administered P32 labeled lymphocytes 
yy the pulmonary system is not altered by ACTH or cortisone. This finding, 
rowever, does not preclude the participation of other organs in the phenomenon. 
_In summary, it would seem that the lymphopenic state developing in the 
sarly stages of 11-oxysteroid or stress action derives, to an extent, from the 
Jestructive effects, exerted directly or indirectly, upon the small and medium- 
sized lymphocytes within the lymphatic organs, thereby resulting in a decreased 
delivery of these cells into the lymphatic’”** and general circulation. The 
sxtent of the contribution of this lymphocytolytic effect to the peripheral lym- 
phopenia must await more definitive evidence regarding the longevity of the 
lymphocyte within the organism. A possible operation of endocrine factors 
in eliciting the acute blood lymphopenia through altering the rate of migration 
of lymphocytes to a variety of body organs including the bone marrow, liver, 
kidney, and lymphatic tissues must also be considered. In this connection, 
there is urgent need for the critical experiment that attempts to measure simul- 
taneously the numbers of lymphocytes entering and leaving the suspected se- 
questering organs at various intervals of time following single and multiple 
injections of adrenal and other endocrine factors. 

When relatively large quantities of 11-oxysteroids or ACTH are given for a 
protracted period of time, the predominant action would appear to consist, in 
susceptible species, of a reduction in the total lymphatic tissue mass, both as a 
consequence of previously imposed destruction of lymphoid elements and 
through actual suppression of homoplastic and heteroplastic lymphocyto- 
poiesis.”°» 

With relatively small amounts of adrenal factors, particularly adrenal 
cortical extracts,®° lymphatic ‘escape’ and even hyperplasia may occur. One 
wonders to what extent this effect may be the result of ‘adaptation’ to the 
hormone or factor administered.» *? Since such steroids as desoxycorticos- 


914 Annals New York Academy of Sciences 


terone and Compound L, under some conditions, may invoke lymphoid hy 
pertrophy, the possibility must be considered also that these actions may b 
come unmasked following chronic administration of whole adrenal cortic 
extracts. It would be of interest, in this connection, to examine the effec 
on the lymphoid elements of aldosterone, the newly discovered steroid whi 
has been described as possessing properties characteristic of both the 11-0 
and desoxy types of steroids.**» 4 


II. EOSINOPHILS 


A decrease in the numbers of circulating eosinophils has been repeatedly da 
scribed as an accompaniment or sequel to the lymphopenia following treatmen 
with ACTH, adrenal factors, or application of stress. As discussed above i 
regard to the lymphocyte, several mechanisms suggested themselves in cori§ 
nection with this associated eosinopenic state. 


A. Effect on the Bone Marrow 


| 

The available evidence does not lend support to the view that the eosinopeniiff 
which develops within a few hours following the administration of adrenal corti 
cal principles or of ACTH is due to an inhibition of the production of eosinophili 
by the bone marrow. ‘Thus little change is apparent in the eosinophil patter’ 
of the marrow at the time the peripheral eosinopenia is marked.*>*” The ali 
terations in eosinophil numbers that do occur are seen after the acute eosino 
penic reaction has subsided, at which time (8 to 12 hours after cortical hormon| 
administration) increases in the percentages of young eosinophilic elements ar 
noted, a compensatory reaction that develops presumably to replace the periphr 
eral eosinophil cells.** There can be no doubt, however, that chronic admini 
tration of cortical steroids results in a decreased production of eosinophils by 
the marrow, as will be seen below. | 


B. Possible Effects on Distribution of Eosinophils 


The fact is now well established that the spleen may serve as a reservoir fo: 
eosinophils that may be discharged rapidly into the circulation following stimu 
lation of the adrenal medullary or cortical components. The temporary ris 
in the levels of circulating eosinophils induced in the intact rat®® or guinea pig® 
by epinephrine can accordingly be prevented by splenectomy. 

Some experiments have supported the concept that the eosinopenic reaction 
associated with pituitary-adrenal stimulation originates, at least in part, fro 
a migration of eosinophils from the circulating blood into organs such as thé 
spleen.*' Not consistent with this contention are the findings that remova 
of the spleen does not prevent the peripheral eosinopenia following cortisone 
epinephrine, or stress,!?) ® as are the observations that administration of 
ACTH or epinephrine to dogs does not lead to differences in splenic arterio» 
venous eosinophil numbers.** More recent experiments,» ® in fact, indicate 
that the 11-oxysteroids tend to inhibit, rather than to accelerate, the inipraee : 
of eosinophils into certain tissues. Studies are required to determine in more 
detail the role of organs, especially the spleen, lungs, bone marrow, liver, an 
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ymph nodes as sites of intravascular and extravascular storage of eosinophils, 
s well as the relation of endocrine factors upon eosinophil migration to and 
rom these tissues. 


C. Influences upon Eosinophil Destruction 


We have reported elsewhere”: ® the existence of degenerating forms of eosino- 
hils in the body fluids of rats following the administration of epinephrine or 
cortisone, or following subjection to the stress of lowered barometric pressures. 
Rat peritoneal fluid, which contains relatively large concentrations of eosino- 
yhils, has been the favored subject of study in these experiments. We have 
lemonstrated that a single injection of cortisone produces a drop in the concen- 
ration of eosinophils in the peritoneal fluid that is well correlated, at six hours 
ind beyond, to the eosinopenia occurring in the blood stream of the same ani- 
nals.*’ Degenerative changes are noted clearly in the eosinophils during this 
ime. They include chromatolysis, karyorrhexis, and cytoplasmic fragmenta- 
ion, changes reminiscent of those occurring in the process of lymphocytic 
jestruction.!* Many of the degenerating forms of eosinophils in the peritoneal 
ind pleural fluids are ingested by free mononuclear cells. Similar destructive 
changes in peritoneal eosinophils, after treatment with adrenal cortical factors, 
have been reported by Higgins.* 

Degenerating forms of eosinophils are observed in the peripheral blood.® 
Their numbers can be augmented significantly in as short a period as 45 min- 
utes following the injection of a single dose of epinephrine, an increase that is 
maintained for at least eight hours. Evidence of eosinophil destruction is also 
to be found within the lymph nodes.”?_ The peripheral eosinopenia developing 
after a six-hour exposure to lowered barometric pressures is accompanied by a 
decrease in the percentages of normal eosinophils associated with an elevation 
in the concentration of both intermediary degenerating eosinophilic forms (eo- 
sinorrhexicytes) and anuclear cytoplasmic fragments (eosinomeres) within the 
ileocecal lymph nodes. Romani*® has observed widespread degeneration of 
eosinophils in the tissues of animals subjected to certain stresses. The sug- 
gestion is made® that the 11-oxygenated adrenal cortical factors potentiate 
eosinorrhexis in the lung, lymph nodes, common connective tissues, and other 
organs in which the destruction phenomenon is observable. 

It is of interest that signs of eosinorrhexis can be noted in the ileocecal nodes 
of adrenalectomized animals subjected to low pressures, but the intensity of the 
reaction is not as great as that observed in intact rats exposed to the same 
stimulus.” Degenerating eosinophils are also visualized in the peripheral 
blood of the adrenalectomized rat exposed to anoxia. Here, however, it is 
accompanied by a significant increase in the numbers of normal eosinophils.” 
We are led to postulate that the pituitary-adrenal cortical axis functions in at 
least three ways in regulating the levels of circulating eosinophils: (1) it sensi- 
tizes the eosinophil within the organism to normally-occurring destructive pro- 
cesses that are independent of the adrenal, the reticuloendothelial system aiding 
in the disposal of the degenerating elements; (2) it inhibits the mobilization of 
eosinophils from sites in which they may be stored or sequestered for transfer 
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into the circulating blood; (3) it inhibits, in the chronic experiment (see below) /}p 
the production of eosinophils by the bone marrow. | 

The problem has not as yet been clearly resolved as to whether the cortica 4 
steroids exert a direct destructive influence upon the eosinophil or induce theizi 
eosinopenic action by indirect mechanisms seen only under in vivo conditionsay 
Evidence of a direct action is derived from the experiments of Muehrcke e¢ al.7) 
who have observed eosinopenia in human defibrinated blood incubated withi} 
cortisone. Addition of heparin appears to block this im vitro action of cortisone3 
On the other hand, Esselier and his associates” have reported that incubation oof 
citrated, defibrinated, or heparinized blood with cortisone or hydrocortisone} 
for as long a period as 24 hours results in no significant alterations in the numa! 
bers of eosinophils or total leukocyte counts of the sample. Their conclusions: 
is justified that these findings do not support a direct eosinorrhectic action 0» 
the steroids upon the eosinophil. These investigators, however, have inter+ 
preted the data of Padawer and Gordon™: ® to mean that the presence of de# 
generative forms of eosinophils, following administration of cortical steroids tet 
the organism, implies a direct destructive action. On the contrary, it is oun 
feeling that the steroids act in an indirect manner, a contention supported by 
our inability to observe destructive changes in the eosinophils of peritonea) 
fluid incubated in vitro with cortisone (Padawer and Gordon, unpublished) |f 
The possibility has arisen that the liver or other organs metabolize the adminis+ 
tered steroid to produce intermediary compounds that affect directly theg 
eosinophil and perhaps other formed elements of the blood. Speirs (persona’ 
communication), however, has tested recently a series of steroids obtained by 
circulating cortisone through the isolated liver preparation, and has found themm 
to be ineffective on the eosinophil, either within the organism or in the isolated 
system. 

The observation” that the implantation of a cortisone pellet directly into thes 
peritoneal cavity of the mouse produces a peripheral eosinopenia before the re-§ 
duction in eosinophil numbers can be detected in the peritoneal fluid further 
supports, but does not prove conclusively, the contention that the cortical) 
steroids act on the eosinophil through indirect mechanisms. That the reticulo- 
endothelial system may constitute a site of action of the cortical steroids is sug-§ 
gested by the work of Esselier and Wagner,” who have found that “blockade” 
of this system in the guinea pig with trypan blue prevents the eosinopenic re+ 
action to ACTH. It remains to be determined whether this effect involves ad) 
reduced uptake of the degenerating forms of eosinophils observed in the experi- 
ments of Padawer and Gordon.” Requiring attention and corroboration is the# 
finding that the serum obtained from rats stressed with epinephrine induces ant 
eosinopenia within 30 minutes following its administration.” It should bed 
recalled that a considerably longer time is required before a significant reduction 
in eosinophil numbers can be observed following injection of epinephrine ora 
cortisone. 

The view that the eosinopenia induced by epinephrine or stress is an infallibled 
criterion of a functional pituitary-adrenal cortical relation has been challenged; 
recently, doubt stemming mainly from the observation that epinephrine may\ 
cause eosinopenia in the Addisonian or in the bilaterally-adrenalectomizedi 
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atient.”” Along the same lines, it has been reported that the intravenous ad- 
uinistration of epinephrine produces in man an eosinopenia which is not ac- 
ompanied by any rise in the blood” or urinary” levels of 17-hydroxycorticoster- 
ids. On the other hand, the eosinopenia resulting from ACTH injections is 
Imost invariably associated with an increase in the titers of circulating 17- 
rydroxycorticosteroids.!*» 78 The assumption by Spengler’® that epinephrine 
esults in an increased peripheral utilization of adrenal cortical steroids appears 
o be rendered untenable by the observations’ that epinephrine does not affect 
he rate of disappearance from the blood of exogenously administered corti- 
one or hydrocortisone. It is pertinent to mention that, according to Muehrcke 
ind associates,*° the ability of epinephrine to induce eosinopenia in the bilat- 
rally adrenalectomized and orchidectomized patient is dependent on the 
naintenance of a eucortical state through the supplying of small noneosinopenic 
nducing doses of cortisone. In this connection, a synergistic action in depress- 
ng circulating eosinophil levels has been reported for epinephrine given in con- 
unction with adrenal cortical factors in the Addisonian subject or bilaterally 
.drenalectomized patient.** Speirs®* has shown that a correlation exists be- 
-ween the eosinopenic response and the presence of adrenal accessories or rem- 
sants in adrenalectomized mice treated with epinephrine. In fact, these and 
yther observations have led Speirs (personal communication) to conclude that, 
f an eosinopenia is produced by epinephrine, it is a certain sign of the presence 
yf some functioning adrenal cortical tissue. 

_ Thevathasan and I (unpublished) have recently investigated the question 
relating to the possible synergism of epinephrine and adrenal cortical factors on 
the eosinophils in the adrenalectomized-splenectomized rat, utilized at 3 to 4 
days after the combined operation. The spleen was removed to preclude its 
possible operation as a reservoir or as a storage depot for eosinophils. Different 
dosages of epinephrine and adrenal cortical extract were utilized, but only one 
set of experiments will be cited in this report. As many be seen from FIGURE 
2, neither the aqueous beef adrenal cortical extract (Upjohn), given in two 1.0 
ml. doses over a four-hour period, nor a 200 yg. dose of epinephrine, when 
administered alone, resulted in eosinopenia. When, however, both were in- 
jected, i.¢., 1.0 ml. of cortical extract given first followed, four hours later, by 
the 200 yg. of epinephrine and another ml. of the cortical extract, a significant 
eosinopenia occurred at four hours subsequent to the last injection. Lhe aL 
ml. of 10 per cent ethyl alcohol used as the vehicle for the cortical extract, in- 
jected alone or in conjunction with the epinephrine, at the same time intervals 
as.for the epinephrine-cortical extract treated group, gave no significant de- 
pression in eosinophil numbers. Similarly, the 0.5 ml. of 1 per cent saline used 
as the vehicle for the epinephrine, when administered separately or together 
with the cortical extract, did not induce eosinopenia. 

It is difficult to say from these experiments whether (1) the priming with the 
adrenal extract has allowed a fundamental eosinopenic action of epinephrine 
to become revealed, or (2) whether the epinephrine has potentiated the effect 
of the adrenal cortical factors. A ‘permissive’ role of the adrenal cortical ster- 
oids in epinephrine action® upon the blood elements would be an attractive 
hypothesis, especially if evidence for it could be obtained in the adrenal-de- 
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FicurE 2. Influence of epinephrine and adrenal cortical extract, given separately and in combination, upoi 
the mean per cent changes in circulating eosinophils. Numbers of animals employed are indicated at tops oi 
bars. Vertical lines through the bars represent +1 standard error of the mean. See text for further details oid 
experimental procedures. Group 1. 0.5 ml. 1% saline. Group 2. 200 wg. epinephrine in 0.5 ml. 1% salinei 
Group3. 1ml. aqueous adrenal cortical extract (ACE) in 10% ethyl alcohol (EtOH) at 0 hr. followed by a seconal 
1 ml. dose of ACE at 4 hrs. Group 4. 1 ml. 10% EtOH at 0 hr. followed by a second 1 ml. dose of 10% EtOH 
at4hrs. Group5. 1ml. ACE at 0 hr. followed at 4 hrs. by a second 1 ml. dose of ACE in conjunction with 20) 
pg. epinephrine in 0.5 ml. 1% saline. Group 6. 1 ml. 10% EtOH at 0 hr. followed at 4 hrs. by a second 1 mlh 
dose of 10% EtOH given in conjunction with 200 wg. epinephrine in 0.5 ml. 1% saline. Group 7. 1ml. ACE aa 
0 hr. followed at 4 hrs. by a second 1 ml. dose of ACE given in conjunction with 0.5 ml. 1% saline. 


medullated, sympathectomized organism. If the second hypothesis shoulci 
prove correct, it would be desirable to have a more complete knowledge of thd 
mechanisms by which epinephrine, and other stressor agents, condition or alter 
the sensitivity of the tissues, including the blood elements, to adrenal cortica’ 
factors. A clue to this problem may well be provided in Selye’s!® suggestiorijj 
that such conditioning action is related to the catabolic phases of the alarm 
reaction, a time when the acute effects of stress upon the blood elements are 
best visualized. 


III. NEUTROPHILS 


As has been noted above, a neutrophilia is coexistent with the lymphopeniai 
and eosinopenia following administration of pituitary-adrenal factors or sub-| 
jection to stressful stimuli. Dury* observed that a negative correlation exists: 
between the numbers of circulating neutrophils and the adrenal ascorbic acid 
content in the rat, and concluded that the adrenal cortex plays a role in the regu- 
lation of the numbers of circulating neutrophils. Nevertheless, there is increas-| 
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ing evidence that the neutrophilia induced by stress and pituitary factors may 
involve, at least in part, extra-adrenal mechanisms and may be associated with 
nonspecific reactions to foreign proteins or other stressful stimuli? Thus 
Palmer et al.®° have reported that ACTH will evoke neutrophilia in the adrenal- 
ectomized as well as in the intact rat. Since it has been demonstrated* * 
that the growth hormone causes a marked rise in neutrophilic granulocytes, the 
possibility of contamination of ACTH preparations with other pituitary factors 
must be considered in the final evaluation of the results. Stein and her co- 
workers®® have indicated that epinephrine produces, in the intact mouse, a more 
marked peripheral neutrophilia than does adrenal cortical extract. The non- 
specificity of this peripheral response is demonstrated in their finding that the 
neutrophilia can be evoked as well as epinephrine in the adrenalectomized or 
splenectomized mouse. It is conceivable that the adrenal medullary factor 
operates upon the polymorphonuclear elements through extra-adrenal cortical 
mechanisms involving a specific action on the bone marrow,**: °° on the release 
of neutrophils from tissue sites into the blood” or through sequestration of cells 
within parts of the vascular bed itself. Also, the possibility cannot be ignored 
that epinephrine alters the concentration in the plasma of a factor reported to 
cause the expulsion of granulocytes from the marrow into the circulation.” 
There can be no doubt that the adrenal cortical steroids induce alterations in 
the neutrophilic cell patterns of the bone marrow. Thus a single injection to 
intact mice of a large dose of cortisone results in a significant increase in the 
marrow myeloid-erythroid cell ratio, coinciding at some intervals during the 
nine-day period studied with the appearance of peripheral neutrophilic granulo- 
cytosis.* Yoffey and his associates have reported recently that the daily 
administration for seven days of 11-oxycorticosteroids to intact guinea pigs 
induces an increase in the cellularity of the marrow involving both the neutro- 
philic and erythroid elements. On the other hand, chronic administration of 
cortisone to adrenalectomized rats results in a significant depression in the per- 
centages and an increase in the relative maturity of the neutrophilic granulo- 
cytes of the marrow.” Similarly, recent studies by Fruhman and Gordon” 
have shown a diminution to occur in the total numbers of neutrophilic elements 
of femoral marrow following treatment for a week with daily 4-mgm. doses of 
Kendall’s Compound B (corticosterone). These latter observations lead one 
to question the validity of the contention that an increased rate of myeloid 
cellular proliferation within the bone marrow is entirely responsible for the 
granulocytosis noted in animals treated chronically with steroid factors. 

_In passing, it should be remembered that the adrenal cortical steroids and 
ACTH can exert dramatic, although unfortunately only temporary ameliorative 
effects in the myelogenous leukemias, a finding that indicates some as yet im- 
perfectly understood relation between the adrenal cortex and myelopoiesis. 
The cause of the refractoriness that develops in these cases of continued ad- 
ministration of the steroid is a problem that merits concentrated attack. A 
part of the solution may lie in the intermediary metabolism undergone by the 
steroid molecules during their sojourn in the tissues of the patient afflicted with 


the blood disease. 
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IV. QUANTITATIVE STUDIES OF BoNE MARROW 


Our laboratory has been engaged during the past few years in a study of th 
influence of endocrine deficiencies and of some forms of replacement treatment 
upon bone marrow structure and metabolism. The method of marrow stud 
employed is a quantitative one devised by Fruhman” which permits the deter-+f 
mination of the total numbers of the various cell types in the bone marrow of 
the rat. A brief description of the method follows: 

At the time of sacrifice, the animals are anesthetized lightly with ether and 
exsanguinated by cardiac puncture. The femurs are dissected quickly, trim- 
med completely of all surrounding tissue, cracked open carefully, and weighed| 
before and after removal of the marrow. The remaining fragments of marrow’ 
are removed by swabbing the interior walls of the bone with small squares of 
lens paper. If the determinations are conducted properly, the marrow weights 
of the right and left femurs seldom differ by more than 5 per cent. The rat) 
femur is especially desirable for a study of this type since it is generally devoid 
of internal spicules of bone. It is obviously imperative that no fragments of 
bone be lost in the procedure lest the weight measurements be rendered inac- - 
curate. 

A sample of the marrow is drawn into a calibrated 20 cu. mm. pipette, and | 
the mass of the marrow is determined by weighing the pipette with and without : 
the marrow sample. With the weight of a given volume of marrow known, a, 
calculation now provides the bone marrow density. The marrow is then ex- - 
pelled into a tube containing exactly 2 ml. of homologous serum, and a uniform 
suspension is formed by drawing the marrow up and down ina pipette. Sam-: 
ples are now taken for hemacytometer counts and for smears. One sample is 
diluted with Tyrode’s solution, and the second with Randolph’s staining fluid. 
Having calculated the total femoral marrow volume, the first count allows the : 
determination of the total numbers of cells within the femur. With the aid of ' 
the second count, the total numbers of nucleated cells and of eosinophils are. 
ascertained directly. The difference between the two counts represents the 
numbers of nonnucleated red blood cells in the sample. By employing the 
myelogram cell percentages from stained smears, it is possible to calculate the 
absolute numbers of the other cellular types. This method provides a rapid | 
reproducible means for estimating the total cellular numbers in rat bone mar- 
row. 

In FIGURES 3 to 5 are shown the effects of adrenalectomy and of several dos- 
ages of Compound F (17-hydroxycorticosterone) upon the total numbers of 
some cellular types of femoral bone marrow of the rat. Six groups of adult 
male rats were established. Group 1 comprised the intact untreated controls. 
Groups 2 to 6 consisted of the adrenalectomized animals. The animals of 
Groups 2 to 6 were primed daily for two days before adrenalectomy with sub- 
cutaneous injections of from 0.5 to 6.0 mgm. of Compound F or with 1.0 ml. 
of 1 per cent saline, the vehicle for the steroids (Group 2-SAL). Adrenalec- 
tomy was performed on the third day, and injections continued on this day and 
daily for the subsequent four days. All rats were killed on the eighth day, 
five days after adrenalectomy. It will be noted from FicuRE 3 that total 
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Ficure 3. Effects of various dosages of hydrocortisone upon the mean total numbers of eosinophils within 
the femoral marrow of adrenalectomized rats. Numbers of animals employed are indicated at tops of bars. 
values, calculated from the distribution of Fisher’s t, are shown across the top of the graph. Mean value for the 
control adrenalectomized group (SAL, bar 2) is compared to that of the unoperated controls (INTACT, bar 1). 
Means for all groups injected with Compound F (bars 3 to 6) are compared to that of the saline-injected adrenalec- 
tomized rats (bar 2). See text for details of experimental procedures. 


eosinophil numbers are increased after adrenalectomy and decreased propor- 
tionately with increasing doses of Compound F. Adrenal removal also results 
in an increase in the total numbers of marrow lymphocytes, with 2- to 6-mgm. 
dosages of Compound F acting similarly in producing a significant reduction 
in the absolute numbers of lymphocytes (FIGURE 4). Accompanying these 
changes in eosinophil and lymphocyte numbers are oppositely-occurring altera- 
tions in the numbers of nucleated erythroid cells (FIGURE 5). Thus, at five 
days after adrenalectomy, there is approximately a 50 per cent reduction in the 
absolute numbers of nucleated red cells in the femoral marrow. Daily dosages 
‘as small as 0.5 mgm. Compound F (which permit body weight gains in these 
adrenalectomized rats) produce more than a doubling, and 2 to 6 mgm. quan- 
tities (catabolic doses) result in approximately a 300 per cent increase in the 
total numbers of nucleated erythrocytes. Not indicated in the figures is the 
fact that adrenalectomy is followed by a significant reduction in the total num- 
bers of mitoses encountered among the nucleated erythroid elements, increasing 
dosages of Compound F producing a marked increase in their numbers within 
the femoral marrow. Neutrophilic cell numbers show a trend towards a de- 
crease with the 4- and 6-mgm. amounts of Compound F. 

Hayes and Baker®* have reported that chronic treatment of intact rats with 
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Ficure 4. Effects of various dosages of hydrocortisone upon the mean total numbers of lymphocytes within | 
the femoral marrow of adrenalectomized rats. Numbers of animals employed are indicated at tops of bars. P ’ 
values, calculated from the distribution of Fisher’s t, are shown across the top of the graph. Mean value for the : 
control adrenalectomized groups (SAL, bar 2) is compared to that of the unoperated controls (INTACT, bar 1). . 
Means for all groups injected with Compound F (bars 3 to 6) are compared to that of the saline-injected adrenalec- - 
tomized rats (bar 2). See text for details of experimental procedures. 


an adrenal cortical extract (lipoadrenal cortex) results in an increased cellu- 
larity of the bone marrow, associated with a marked increase in the percentages 
of nucleated erythroid cells and with reductions in the percentages of eosinophils 
and neutrophils within the marrow. Yoffey et al.** detected no alterations in 
the concentration (numbers per cu. mm. of marrow) of lymphocytes and eo- | 
sinophils in the bone marrow of intact guinea pigs treated daily for seven days | 
with 11-oxysteroids. As already mentioned, these workers also reported that 
Compounds E and F produced an increased cellularity of the marrow involving 
the myeloid and especially the erythroid elements, the latter point expressing 
agreement with the experiments of Fruhman and Gordon.” The discrepancies 
noted in Yoffey’s work and ours may be traced, most likely, to the differences 
in species employed, the guinea pig being more refractory than the rat to adrenal | 
cortical steroid treatment. In addition, the animal deprived of its adrenals 
appears, in our experience, to be a more sensitive test object than the intact 
animal for a study of the influence of adrenal factors upon the blood elements. 
Dornfest and Gordon’ have examined the respiratory and glycolytic activity 
of pooled femoral and tibial bone marrow suspensions obtained from rats that 
were adrenalectomized and given various forms of replacement treatment. | 
Standard manometric procedures were employed. The reader is referred to | 
Gordon” for the details of the techniques. Adrenalectomy, as well as replace- 
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Ficure 5. Effects of various dosages of hydrocortisone upon the mean total numbers of nucleated erythro- 
cytes within the femoral marrow of adrenalectomized rats. Numbers of animals employed are indicated at tops 
of bars. P values, calculated from the distribution of Fisher’s t, are shown across the top of the graph. Mean 
value for the control adrenalectomized group (SAL, bar 2) is compared to that of the unoperated controls (IN- 
TACT, bar1). Means for all groups injected with Compound F (bars 3 to 6) are compared to that of the saline- 
injected adrenalectomized rats (bar 2). See text for details of experimental procedures. 
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ment treatment with various doses of Compounds B and F, exerted little in- 
fluence upon the oxygen uptake of marrow.” It was noted, however, that ad- 
renalectomy resulted in approximately a 25 per cent increase (P < 0.001) in the 
rate of marrow anaerobic glycolysis, using glucose as the substrate. In the 
present studies, the effects of Compound B, administered as a daily 2-mgm. 
dose, and Compound F, in four different dosages, were observed upon the 
anaerobic glycolysis of adrenalectomized rat-bone marrow. The design of the 
_experiment was identical to that utilized in the marrow-volume studies of Fruh- 
man and Gordon. In fact, marrow samples for the manometric studies in 
the control adrenalectomized and Compound F-injected groups were obtained 
from the same animals employed in the marrow-volume studies described above. 

Ficure 6 illustrates the high rate of anaerobic glycolysis characteristic of 
adrenalectomized rat-bone marrow. Of especial significance is the fact that 
increasing dosages of Compound F result in proportionate reductions of glyco- 
lytic activity. Also indicated is the group of adrenalectomized rats treated 
with Compound B, which is seen to be as effective as Compound F in depressing 
the glycolysis of bone marrow. Inhibitory effects of the 11-oxysteroids have 
been observed under in vitro conditions for rodent lymphatic cells and mouse 
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Ficure 6. Effects of corticosterone and various dosages of hydrocortisone upon mean anaerobic glycolytic | 
values (ul. CO2/mg. N/hr.) for adrenalectomized rat bone marrow. Numbers of animals employed are indicated 
at tops of bars. Vertical lines through the bars represent -+1 standard error of the mean. P values are shown } 
across the top of the graph. Means for all hormone-treated adrenalectomized groups (bars 2 to 6) are compared 
to that of the saline-treated control adrenalectomized group (bar 1). 


diaphragm’: °8 and also for human buffy coat leukocytes.°® The observations ; 
that the corticosteroids inhibit hexokinase activity, and that the addition of | 
glutathione will protect the isolated mouse diaphragm from the inhibitory ac- - 
tion of Compound F on glycolysis has led to the conclusion that the adrenal | 
cortical hormones inhibit glycolysis by combining with the —SH groups of / 
hexokinase.°8 

It would be of interest to ascertain, as closely as possible with the available } 
techniques, the time sequence of development of the glycolytic and morphologic * 
alterations observed in the marrow following adrenal removal. This finding § 
might provide an answer to the basic question as to whether a change in me- - 
tabolism is the cause of, the result of, or simply an accompaniment to the struc- - 
tural alterations seen in the adrenal-insufficient and adrenal steroid-injected | 
animal. 


V. CONCLUSIONS 


It would seem, from the evidence reviewed in this report, that the endocrine : 
system plays a role in the regulation of the numbers of leukocytes within the : 
circulation through influences exerted upon their production by the blood- } 
forming organs, their distribution in the tissues, and their eventual disposal. 
Further experiments should consider in greater detail the mechanisms underlying } 
the action of hormones upon hemopoietic and blood-destroying processes. In. 
this connection, examination should be made of the modifications produced by / 
endocrine deficiencies and by hormonal replacement and overdosage upon the } 
marrow enzyme systems, especially the peptidases and esterases which have : 
thus far been largely neglected. Phosphorus, iron, copper, and cobalt turnover, , 
as well as various substrate utilization studies should also prove rewarding. 
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There is need for further application of quantitative procedures, such as those 
described in the body of this report, in the evaluation of hormonal influences 
upon the absolute numbers of blood elements within the blood-forming organs. 
Finally, attempts should be made to ascertain the precise relation of the meta- 
bolic to the morphologic changes induced by endocrine manipulation in the 
leukocytes within the body fluids and hemopoietic tissues. The separation of 
the various leukocytic types, already partially accomplished in our laboratories, 
should prove a significant step in this direction. 
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By J. M. Yoffey 


. 
THE QUANTITATIVE STUDY OF THE LEUKOCYTES* | 
} 

Department of Anatomy, The University of Bristol, Bristol, England | 


In discussing the various factors which may influence the numbers, dis- 
tribution, and fate of the leukocytes, it is clear that there are still numerous: 
gaps in our knowledge. It would appear probable that an increased functional| 
demand for leukocytes would involve increased production, and this increase,; 
in turn, would require a knowledge of what the functions of the leukocyte 
really are. In the case of the neutrophile granulocytes, where an antibacterial 
action can readily be observed, the classical leukocytosis of many bacterial in- 
fections seems a reasonable occurrence. In the case of the lymphocytes, where 
an antibacterial action is not obvious, we are not quite so confident in o 
interpretation of numerical changes. When one surveys the general leuko-; 
cyte field, and the history of our knowledge of that field, two significant fea- 
tures emerge. The first is that, on the whole, the emphasis has been placed 
on pathological changes in frank disease conditions, notably the infections and 
blood dyscrasias, and the second is that, for the most part, the leukocytes have 
been studied quantitatively only while circulating in the blood. 

In recent years, it is true, attention has been directed to changes in leukocytes 
in response to what might be considered normal physiological stimuli. The 
present and earlier papers by Gordon and his collaborators (Gordon and 
Charipper, 1947; Gordon, Piliero, and Landau, 1949; Feigin and Gordon, 1950; ; 
Gordon and Katsh, 1949) are an excellent example of this tendency, as also 
are the contributions by Dougherty and his group (Dougherty and White, 1944; ; 
Dougherty and White, 1947; Dougherty and Kumagai, 1951; Santisteban and 
Dougherty, 1954); Crafts (1941, 1948), and others. The observations of Rich-- 
ter also represent an interesting development in the study of normal leukocyte: 
functions in the healthy organism, irrespective of their role in disease. It: 
may well be that, in some instances, the function of leukocytes in disease is; 
merely an extension of their function in health. On the other hand, it is pos-- 
sible that there may be marked differences in the two types of function. 

In all functional studies, however, an essential item of information is a) 
quantitative one, and is concerned with the numerical aspect of the problem., 
From this point of view, the number of leukocytes circulating in the blood| 
stream presents only one facet of the problem, historically the first to which 
serious attention was directed. 

The blood leukocytes, however, whether because they are destroyed while ini 
the circulation or because they leave it, constitute a shifting cell population, and | 
they represent an equilibrium between two processes: namely, the new forma-- 
tion of leukocytes to be discharged into the blood, and the destruction or mi-- 
gration from the blood of the cells already in it. For an understanding of the: 
blood leukocytes it becomes essential, therefore, to know something of the two) 
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yrocesses governing the basic equilibrium. For several reasons, the problem 
yf the lymphocytes differs considerably from that of the granulocytes. 


The Quantitative Study of the Lymphocytes 


Though there may be differences of opinion about the so-called “germinal” 
enters of lymphoid tissue, it is generally accepted that one of the main func- 
ions of lymphoid tissue in health is the production of lymphocytes. Some of 
these cells may enter the blood by passing through the walls of the blood 
sapillaries present in lymphoid tissue (¢.g., Schulze, 1925), while others first 
enter the lymph stream. In the case of the lymph-borne lymphocytes, cannu- 
lation of the thoracic and right lymph ducts enables us to collect these cells 
immediately before they enter the blood stream. The earlier literature dealing 
with this subject has been reviewed elsewhere (Drinker and Yoffey, 1941; 
Yoffey, 1950) and, with certain qualifications, the results of the various ob- 
servers appear to be fairly consistent. 

In counting these lymph-borne lymphocytes, an obvious question concerns 

the numbers of those other lymphocytes which are thought to enter the blood 
stream directly. We have no simple way of measuring these, but their numbers 
cannot be great, for, from the experiments of Blalock ef al. (1937), it would 
appear that, if all the lymphatics of the body are blocked, so that no lymph- 
borne lymphocytes can get to the blood stream, then the blood lymphocytes 
fall practically to zero. 
_ A further question concerns the numbers of lymphocytes which are daily 
entering the blood. Counts in the dog (Yoffey, 1935), cat (Adams e¢ al., 1945), 
and rat (Reinhardt, 1945), to mention but a few, give a number sufficient to 
replace those already in the blood stream about twice daily, though Sanders 
et al. (1940), working with cat and rabbit, gave the blood lymphocytes a some- 
what higher rate of replacement, ranging from three to five times daily. 

The statement that the blood lymphocytes are replaced twice or more daily 
is based on the assumption that the lymphocytes entering the blood via the 
main lymph ducts are, in fact, newly formed cells. It has been argued (e.g., 
Sjévall, 1936) that this assumption is not true, and that there is a continuous 
circulation of lymphocytes between blood and lymph. However, experiments 
on the cell content of peripheral lymph which has not yet traversed lymph 
nodes show that lymph, when it is formed, contains very few cells (Yoffey and 
Drinker, 1939; Allen, 1945). But despite this fact, and despite the fact that 
lymphoid tissue shows such obvious signs of cell multiplication (cf. Ehrich, 
Drabkin, and Forman, 1949), it has been argued (Fichtelius, 1953) that a 
Circulation of lymphocytes does occur, and that the lymphoid tissues are the 
main site of cell exchange between lymph and blood. Experiments such as 
those of Mann and Higgins (1950) or of Glenn et al, (1949), in which the escape 
of lymph through a fistula for several days is associated with a gradual fall in 
the cell content of lymph, are not conclusive, for, though they could fit in with 
the concept of lymphocyte circulation, they do introduce abnormal factors also. 

On the whole, then, the evidence is against circulation of lymphocytes, and 
there still remains the classical problem of the fate of the blood lymphocytes, 
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which are not destroyed in the circulation. The lymphocytes must obviousl 
leave the blood and, of all the situations suggested, the three which are the mos 
plausible are: (1) the bone marrow; (2) the lumen of the intestine; and (3) th 
connective tissues all over the body. According to Kindred (1942), the lym- 
phocytes in the intestinal wall are about three times as numerous as those pres- 
ent in the blood, and, from a numerical point of view, they could account fon 
the missing lymphocytes. However, the direct evidence for the intestinal 
elimination of lymphocytes is not convincing. As far as the connective tissues 
are concerned, no quantitative data are available concerning their lymphocyt 
population. No investigator has yet undertaken the heroic task of counting 
the connective tissue lymphocytes in serial sections of an entire animal, or eveni 
of trying to obtain an approximate idea of the magnitude of the lymphocyt 

population by thus examining even a limited mass of connective tissue. | 


A Quantitative Technique for the Estimation of Marrow Cells 


The bone marrow as the destination of the blood lymphocytes raises one 0 
the most violent and fundamental of all hematological controversies and, befor: 
becoming involved in this dispute, it seemed worthwhile to ascertain what) 
numbers of lymphocytes the marrow actually contained. 

The earlier efforts were somewhat crude (Yoffey and Parnell, 1944) but,, 
after a number of trials, a reasonably satisfactory quantitative technique was 
finally developed (Yoffey et al., 1954), based upon earlier work of Gordon! 
(1939). Our standard animal is the young male guinea pig, weighing about 
400 gm. ‘The disadvantage of confining work to a single species is obvious, and 
it is hoped, before long, to investigate the bone marrow of other species. For 
the time being, however, we felt it would be more valuable to study inten- 
sively, in a single species, the responses of the bone marrow to a variety of: 
stimuli. 

A small glass tube, internal diameter about 14 inch and length about! 
13g inches, is provided with a tightly fitting rubber stopper, which leaves no} 
recesses between it and the side of the tube. The stoppered tube is weighed. | 
Under ether anesthesia, the abdomen of a guinea pig is opened, the aorta is in- 
cised, and the blood collected in centrifuge tubes which are centrifuged for: 
seven minutes at 3,500 rpm., after which the supernatant serum is withdrawn. . 
The stoppered tube is about half filled with serum, and weighed again. Mean-- 
while, a humerus is removed and cleaned, and the ends are sawn off with a fine > 
fretsaw. By means of a rubber tube and blower attached to one end of the> 
humerus, the marrow is ejected into the stoppered tube, which is weighed a third | 
time. One thus has a known weight of marrow in a known weight of serum. | 

The tube is then placed in a mechanical shaker with an amplitude of about 
five inches and is shaken for two to three minutes, at 400 times per minute.. 
The marrow from the guinea pig humerus of this size rapidly disintegrates and_| 
produces a uniform cell suspension, from which counts can be made in the usual | 
way with a hemocytometer, and smears also may be made for a differential | 
count. Where the disintegration of the marrow is inadequate, and the sus-| 
pension contains obvious large clumps of cells, the count must be discarded. . 
Since the suspension contains a number of large cells which sediment rapidly, | 
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the tube is shaken each time before taking a count or preparing a smear. 
After the count and smears have been obtained, the specific gravity of the sus- 
pension and of the serum are measured by the copper sulphate method and the 
volumes of bone marrow and serum can then be calculated. A true volume 
dilution of marrow in serum is thus obtained, and counts are finally expressed 
as absolute numbers of cells per cu. mm. of marrow. 

The differential counts can be made either in supravital preparations or dry 
smears. We have preferred the dry smears, stained usually with MacNeal’s 
tetrachrome stain, because they yielded much more nuclear detail. However, 
they have the defect of containing a fair number of damaged cells, about whose 
identity we are not altogether sure (Yoffey et al., 1954). The elusive reticulum 
cells may contribute some of the damaged cells, as the granulocytes also un- 
doubtedly do. Supravital preparations contain far fewer damaged cells but, 
in our hands, possibly because we have not had long experience with the supra- 
vital technique, they have yielded less satisfactory results. 

Another problem in the making of dry smears concerns the cell distribution. 
If the smears (slide method) are made rapidly, the distribution of the cells is 
uniform, but the individual cells are rounded and not spread out, so that identi- 
fication is impossible. If the smears are made slowly, individual cells are spread 
out and show up much better, but there are many more damaged cells, and the 
distribution is no longer uniform, since the larger cells accumulate at the edge of 
the smear. In each experiment, therefore, 15 to 20 smears are made at different 
speeds and, finally, one or two of the best ones selected. The presence of the 
damaged cells will not, of course, affect the accuracy of the absolute counts of 
the cells which can be identified but, if the various cell groups are not uniformly 
damaged, their ratios to one another may be altered. Because of their small 
content of damaged cells, it may yet prove that supravital preparations will 
be the method of choice. 

Exsanguination of the animal by cutting the abdominal aorta is important, 
not merely to obtain autogenous serum, but also in order to drain away from 
the bone marrow as much blood as possible. If the animal is not exsanguinated, 
the amount of residual blood in the vessels may be quite appreciable, though 
some information about it may be obtained by performing both a red-cell count 
and a reticulocyte count on the marrow suspension. It is probable that the 
vast majority of the marrow reticulocytes are red cells which have just been 
formed in the marrow and are about to be discharged into the blood. 


Number of Lymphocytes in Bone Marrow 


~ As far as the total number of nucleated cells in the normal marrow is con- 
cerned, we find they number in the neighbourhood of 1,500,000 per cu. mm. 
(1,235,000, Yoffey, Metcalf, Herdan, and Nairn, 1951; 1,248,000, Hudson, Her- 
dan, and Yoffey, 1952; 1,690,000, Yoffey, Ancill, Holt, Owen-Smith, and Her- 
dan, 1954; 1,393,000, Harris, Ancill, Herdan, and Yoffey, 1954). The absolute 
figures for the lymphocytes in these four groups of experiments were respec- 
tively 145,000, 246,000, 322,000, and 314,000 per cu. mm. of marrow. 
The lymphocytes are virtually all small lymphocytes, and the quantitative 
data make it clear beyond all doubt that they are present in bone marrow in 
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surprisingly large numbers, far too large to be attributable to blood contamina 
tion. In fact, the lymphocyte population of bone marrow is so high in com- 
parison with blood that the only possible effect of dilution with blood would be§ 
to diminish it (Blitstein, 1944). Our first quantitative studies were performed 
on rabbits, in which it could be calculated that the number of lymphocytess 
present in the marrow was such that it could very easily account for those dail 
leaving the blood, after entering it via the thoracic duct. But a similar quan- 
titative situation prevails, as Kindred (1942) has already noted, in the wall ofl 
the alimentary tract where he calculated that there were three times as many} 
lymphocytes as were present in the circulating blood. However, in our recent 
guinea-pig experiments, based upon a much more accurate technique than wass 
employed in the earlier rabbit series, calculations on the lines presented later 
in this paper indicate that the bone marrow contains something like 10 to 201 
times the number of lymphocytes normally present in the circulating blood. 

The lymphocytes in normal mammalian bone marrow are nearly always dif-: 
fusely scattered and not arranged in organized nodules, except as the result o 
pathological changes or endocrine imbalance (Kabelitz, 1950). Furthermore,; 
mitoses in marrow lymphocytes are very rare indeed. If, therefore, lympho- 
cytes are being formed in the bone marrow, and are not obtaining access to iti 
from the blood, the only way in which they can be formed is from a blast cell, 
derived by heteroplastic transformation of a precursor resembling presumably; 
the reticular cell of lymph nodes. There is no evidence that this transformation 
occurs, though it is true (vide infra) that, under certain circumstances, an ap- 
preciable number of transitions may be found between small lymphocytes and 
blast cells. In these cases, however, it is far more probable that the reverse: 
change is occurring, namely, the transformation of small lymphocytes into 
blast cells. If the bone marrow is indeed a lymphocytopoietic organ, then thes 
number of lymphocytes daily entering the blood would be considerably greater 
than is indicated by estimations of lymph-borne lymphocytes, and the problem 
of the blood lymphocytes would become more perplexing than ever. 

There seems to be little doubt, at the present time, about the identity of thee 
small lymphocyte in bone marrow, which formerly was confused with the “primi- 
tive” cell of Cunningham, Sabin, and Doan (1925); though, at a later date, Sabin 
and Miller (1938) concluded that the morphological criteria for distinguishing} 
between primitive cell and small lymphocyte are not satisfactory. With this# 
conclusion, Schwind (1950), after a careful study of marrow cells by the supra-4 
vital technique, was also in agreement. 

If the smal lymphocytes of the bone marrow were, in fact, primitive cells, 
their presence in the marrow in such large numbers would constitute a singu- 
larly difficult problem; for since these cells practically never undergo mitosis, J 
the marrow must also contain a very large number of primitive cell precursors 
and this does not appear to be the case. 

One noteworthy feature about the marrow small lymphocytes (at any rate in 
our own experimental animals, young guinea pigs weighing about 400 gm.) isé 
that they really are small, recalling more than anything else the small lympho-4 
cytes of the thymus (Downey, 1948), and the smaller lymphocytes of lymph }j 
nodes. If the small lymphocytes of the marrow are hematogenous, as appears 
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30 highly probable, one must assume that it is only the smallest lymphocytes 
which leave the blood, in which the residual lymphocytes will be the larger and 
possibly older members of the group. 

The lymphocytes in the blood stream may well be a mixed group of cells. 
Wiseman (1931) attempted to subdivide them into younger and older cells, 
largely on the basis of variations in basophilia. Frank and Dougherty (1953) 
endeavored to separate normal from “stress” lymphocytes. In clinical hema- 
tology, the tendency, as a rule, is to regard the small lymphocyte as a mature 
and senile cell. However, the small lymphocyte is very radiosensitive (Trowell, 
1952), and radiosensitivity usually is a property of cells which are actively 
mitotic (small lymphocytes are not). It is claimed that, with the appropriate 
technique, the small lymphocyte can always be shown to possess a nucleolus 
(Stockinger and Kellner, 1952). The DNA content of small lymphocytes is 
remarkably high when measured by microspectrophotometric methods, and 
normal lymphocytes possess the diploid chromosome number (Petrakis, 1953). 
Furthermore, the small lymphocyte has a characteristically active type of move- 
ment, which is difficult to reconcile with senility. 


The Quantitative Study of the Granulocytes 


The marrow granulocytes were 393,000 per cu. mm. in a recent series of 
guinea pigs (Harris et al., 1954, mean of 34 counts) and, of these, the majority 
(329,000) were pseudoeosinophile, corresponding to the neutrophile in man. 
Eosinophiles numbered 47,000 per cu. mm. and basophiles, 17,000. 

Together with these absolute counts per cu. mm. of marrow, data on marrow 
volume enable us to estimate tentatively the total granulocyte population of 
the marrow and to begin to form some idea of the numbers which may be dis- 
charged into the blood. In this way, one may begin to calculate one of the 
fundamental hemopoietic equations. 

Marrow volume determinations have been made in the rat by Fairman and 
Corner (1934) and, in the rabbit, by Nye (1931-1932). Our own data (Hud- 
son and Yoffey, 1954) for the guinea pig of the size used in our work gives results 
of the same order, about two cc. of marrow per 100 gm. of body weight. The 
guinea pigs employed weigh approximately 400 gm., and the marrow, even in 
the long bones, is red and actively hemopoietic, so that there is approximately 
eight cc. of red marrow in each guinea pig. The total marrow granulocytes, 
therefore, with a count of 393,000 per cu. mm., would amount to 3,144 X 108. 
The blood granulocytes in this series were 1,150 per cu. mm. and blood volume 
determinations by Doctor A. F. Rogers, of the Physiology Department at Bris- 
tol University, gave an average figure of 27 cc. in an animal, so that the total 
number of granulocytes in the circulation would be 31 X 108. These figures 
appear to indicate that, in this instance, the myeloid reserve in the bone mar- 
row was about 100 times the number of granulocytes present in the blood 
(Kindred, 1942). Furthermore, of the marrow granulocytes practically three 
quarters were mature, either with segmented nuclei, or with nuclei of “band” 
form, and almost ready for discharge into the circulation. If these mature or 
nearly mature cells could be mobilized rapidly, a leukocytosis of the order of 
75,000 per cu. mm. could presumably develop, though how long it lasted would 
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depend upon a number of factors, including the length of time the granulocytes 
remained in the blood, and the speed with which they could be replaced by the 
multiplication and maturation of the remaining one fourth of the marrow 
granulocytes. If one assumes that these immature myeloid cells could undergo 
mitosis twice a day, which seems to be well within the bounds of possibility, a) 
sustained leukocytosis of anything up to 75,000 per cu. mm. would appear to 
be within the capacity of normal guinea-pig marrow. 

These rough calculations, which we have termed the Myeloid Equation, indi- 
cate one of the ultimate goals of the quantitative study of the marrow cells and, 
as gaps in our knowledge are filled, it may prove possible to write this equation { 
with a considerably greater degree of accuracy. For these first rough calcula- 
tions, all the granulocytes have been counted together. With more careful 
analysis of the available data, one may perhaps be able to write separate equa- » 
tions for the different groups of granulocytes. Among other major unknown | 
factors may be noted the frequency and the speed of mitosis of the marrow cells, | 
and also the length of time the granulocytes remain in the blood. | 

It is clear that, in calculations of this kind, it is important to have as accurate » 
information as possible about the bone-marrow volume. We have based our | 
calculations on the data obtained in our own small series of guinea pigs, in which | 
the marrow is 2 per cent of the body weight. This is a good deal lower than the : 
figures obtainable in man but, even so, it may well be that 2 per cent is some- | 
what on the high side. However, if the calculations are based on a red-marrow | 
volume of 1 per cent of the body weight, a figure well below all those quoted in | 
the literature, the marrow, in the present series, would still have a very high 
myeloid reserve, and would contain 10 times as many lymphocytes as are nor- 
mally present in the blood stream. 


——— 


i 


The Effect of Anoxia on the Bone Marrow 


One of the first of our quantitative studies was directed to the effects of anoxia | 
on the bone marrow. Our group (Batten e¢ al., 1953) spent some time last | 
summer at the Jungfraujoch Forschungsstation, situated at a height of a little } 
over 11,000 feet, to observe the changes which took place in the marrow during | 
the process of adaptation. Increased erythropoietic activity occurred, as might 
be expected. The other statistically significant change in the marrow was un- | 
expected, namely, a marked fall in the marrow lymphocytes, quite clearly 
marked during the first five days of adaptation. 

The full interpretation of this change is not simple. But it is worth noting 
that other observers, too, have remarked a fall in marrow lymphocytes at the 
commencement of a period of increased erythropoietic activity, such as occurs, | 
for example, in pernicious anemia when treatment is first begun. | 

It is interesting, also, to note that exposure to a more violent anoxic stimulus, 
e.g., equivalent to a height of 20,000 feet, appears (in some preliminary experi- | 
ments by Doctor R. S. Harris) to produce, during the first 24 hours, an appreci- | 
able rise in the marrow lymphocytes, as well as a fall in the erythroid cells | 
(FIGURE 1). The full significance of these marrow changes has yet to be evalu- | 
ated, but it is very striking, in these activated marrows, to observe numerous | 
transitions between small lymphocytes and typical blast cells. The change in 
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Ficure 1. The effect of anoxia on the main cell groups in the bone marrow. (Harris, 1954). 


the small lymphocyte is both nuclear and cytoplasmic. The nucleus enlarges 
and acquires the typical leptochromatic appearance of the blast cell nucleus 
rather than the characteristic pachychromatic configuration of the small lym- 
phocyte nucleus. The cytoplasm also gradually increases and becomes more 
and more basophilic. For some time, the transforming cell still shows the 
high nucleus-cytoplasm ratio so evident in the small lymphocyte. 


The Effect of Bacteria 


One of our group, Doctor R. J. Ancill, is at present investigating the quan- 
titative changes in the marrow cells following the intraperitoneal injection of 
vaccines of H. pertussis, and of Staphylococcus aureus. Though sufficient results 
are not yet available to meet the requirements of a full statistical analysis, the 
graphs (FIGURE 2) indicate the trend of the preliminary results which Doctor 
Ancill is obtaining. At six hours, there is a sharp increase in the number of 
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Ficure 2. The effect of a single intraperitoneal injection of Staphylococcus awreus vaccine on the lympho- 
cyte and neutrophile (pseudoeosinophile) content of bone marrow, blood, and peritoneal exudate. (Ancill 
1954.) 
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marrow lymphocytes, and, at ten hours, they decrease in number, but the mar- 
row granulocytes increase. 

It is of interest that, in these experiments, where the vaccine was injected 
intraperitoneally, a peritoneal exudate formed rich in polymorphs. These | 
bodies could be counted and compared with the number of cells discharged from | 
the marrow. So far, the sum of the blood polymorphs and of the exudate cells | 
has been well below the number of cells which seem to have been discharged | 
from the marrow. If this type of experiment can be extended and confirmed, | 
it should yield valuable information concerning the speed with which leukocytes | 
can leave the marrow for the blood, and then escape from the blood in response | 
to chemotactic and other stimuli. 


Splenectomy and the Bone Marrow 


In a small group of experiments which has just been completed (Ensell et al., 
1954), the earlier effects of splenectomy upon the bone marrow have been in- 
vestigated. The histogram (FIGURE 3) is based on the means of seven experi- | 
ments, and a larger series will be required before one can arrive at any final con- 
clusions, but the trend after splenectomy would appear to be quite definitely 
toward an increase in the total marrow population, with the lymphocytes es- 
pecially involved in the process. It would perhaps have been wiser not to have - 
given these preliminary results at this stage, but I have done so to indicate pri- 
marily the way in which our quantitative technique brings out the three major 
cell groups in the bone marrow. 


The Blood Span of the Leukocytes 


One of the essential data for calculating the factors governing the normal 
level of the blood leukocytes is the length of time the leukocytes remain in the 
blood. This problem is fundamental, and answers to it have been given in a 
variety of ways, with conflicting results. 
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Ficure 3, The effect of splenectomy on the cell content of bone marrow. (Ensell et al., 1954.) 
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In the case of the lymphocytes, calculation of the daily replacement factor 
suggested a blood span of about 12 hours in the dog (Yoffey, 1935; Adams et al., 
1945) and in the rat (Reinhardt, 1945) and of five to eight hours in the cat 
and rabbit (Sanders et a/., 1940). 

Another type of experiment consists in actually transfusing cells and ob- 
serving how quickly they disappear from the blood. One of the earliest experi- 
ments of this type was that of Minot and Isaacs (1925), who transfused a patient 
suffering from lymphosarcoma with blood from a patient with chronic lymphatic 
leukemia. The lymphocytes in the recipient’s blood increased about threefold, 
but dropped almost to their pretransfusion level within 35 minutes, without any 
evidence of lymphocytes being destroyed while in circulation. Erf (1940) in- 
jected large numbers of viable heterogenous lymphocytes into rabbits which 
had been subjected to gastroenterectomy and splenectomy, and found that the 
blood lymphocytes showed either a marked fall from the outset, or a slight 
initial rise which had disappeared in a few hours. Lawrence, Ervin, and Wet- 
rich (1945) rendered cats leukopenic by irradiation, and then transfused leuko- 
cytes from a normal cat by cross circulation. They concluded that the white 
cells remained in the blood 16 to 24 hours. 

White (1954), transfusing blood whose white cells had been tagged with 
atabrine dihydrochloride, found that, as a rule, these cells disappeared from the 
recipient’s blood in 30 to 90 minutes, though in leukemic patients they persisted 
longer. Van Dyke and Huff (1951) employed parabiotic rats, one of which was 
rendered anemic by exposure to X rays. They calculated that leukocytes 
remained in the blood for about three hours. Farr (1951), in rabbits, gave 
autogenous lymphocytes which had been labeled with a nontoxic acridine dye, 
and found that most of the lymphocytes left the blood in two hours for the bone 
marrow or lymphatic tissues. In the bone marrow, the lymphocytes appeared 
to be transforming into myelocytes. Osogoe (1950) used suspensions of lym- 
phocytes made from the mesenteric lymph glands of 3 to 5 rabbits and injected 
them into another rabbit. He found that they disappeared from the blood 
within 2 to 3 hours, but it is doubtful, as he himself points out, whether his 
experiments can be regarded as throwing light on the normal fate of the lympho- 
cyte. Weisberger et al. (1951) found that large numbers of rat lymphocytes 
injected into other rats disappeared from the blood in a few minutes. As in 
all these experiments, the question at once arises whether leucocytes which have 
been taken out of their normal milieu, and subjected to even slight manipula- 
tion, can be regarded as normal. Weisberger e/ al. obtained lymphocytes from 
tats which had been injected with Ps: 24 hours previously and, after injecting 
these radioactive lymphocytes, found that 28 per cent of the radioactivity 
appeared in the lungs, 23 per cent in the liver, 4 per cent in the spleen, and 5 
per cent in the kidney. 

The transfusion experiments of Fichtelius (1953) led him to think more 
especially of the spleen as a lymphocyte depot, though here again he was deal- 
ing with lymphocytes obtained either from a completely different species or, in 
the case of syngenesio-transfusion (litter mates), possibly modified by the proc- 


ess of preparing the suspension. 
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White (1954) transfused blood containing leukocytes tagged with atabrine, 
and concluded that the transfused leukocytes disappeared from the blood of the 
recipient in from 30 to 90 minutes. White emphasized the concept of second- 
ary leukocyte equilibria. The primary equilibrium would be that concerned 
with the formation of leukocytes, their passage into the blood, and their dis- 
appearance from the blood after a given lapse of time. The secondary equilib- 
rium would be that in which leucocytes which had been discharged into the 
blood from the hemopoietic organs, would repeatedly pass out of the blood: 
and return to it. As White says: “. . . one may further theorize that leukocytes 
may have many intravascular life spans which may be only a fraction of the 
life span of the cell.” 

A different approach to the problem is that adopted by Ottesen (1948) and 
later workers. Here the animal is given P3,, which is then incorporated in) 
presumably stable form in the DNA of the newly forming blood cells. These: 
cells can then be detected when the mature cells are discharged into the blood. 
If the Ps: does not impair the development or activity of the cells in any way, | 
this type of cell marking ought to give very satisfactory results. Ottesen (1948) ) 
found, in the hen, the peak of activity in the blood leucocytes at 4 to 5 days, | 
gradually tapering off to the 15th day. Kline and Clifton (1952-1953), working | 
with man, estimated the total life span of the leukocytes as a whole to be about ¢ 
13 days, of which the first four days were spent in the bone marrow. This 
type of figure is very much higher than the blood span as calculated by the older + 
methods. ‘The position becomes even more complex as a result of the work of | 
Osgood, Tivey et al. (1952), from which it appears that the blood span may vary 
appreciably, from three days in cases of chronic granulocytic or subacute mono- 
cytic leukaemia, to 30 days in chronic lymphatic leukemia. It may well be! 
that, even in healthy individuals, the blood span of the leukocytes is subject } 
to a good deal of variation and, for the time being, it may not be possible to 
work out the full Myeloid Equation. To begin with, therefore, our group is: 
concentrating its efforts, in the main, on the production and discharge of cells; 
from the bone marrow. ) 


Summary 


Problems involved in the quantitative study of leukocyte production are dis- 
cussed in relation to both the lymphocytes and the granulocytes. Because of | 
their association with the lymphatic vessels, the lymphocytes have been esti- | 
mated quantitatively before it has been possible to obtain comparable data for ' 
the granulocytes. 

A technique is now described for the quantitative study of the nucleated cells ; 
of the bone marrow in guinea pigs, and the data thus obtained are considered in N 
relation to the problem of the destination of the blood lymphocytes, and in con- } 
nection with the discharge of granulocytes into the blood. In the normal} 
animal, quantitative estimations emphasize the great myeloid reserves of the 
marrow. 

A preliminary report is given of the response of the bone marrow to anoxia, , 
splenectomy, and bacteria. ) 


_ 
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PartIV. Defense Functions of the Leukocytes 


CHEMOTAXIS AND LOCOMOTION OF LEUKOCYTES 


By Morton McCutcheon 
Department of Pathology, University of Pennsylvania School of Medicine, Philadelphia, Pa. 


By chemotaxis® is meant a directional response of the organism, in this case 
the leukocyte, to chemical substances in its environment. Chemotaxis is said 
to be positive if the cell moves toward higher concentrations of such substances; 
negative, if it moves away from higher concentrations. Chemotaxis is absent 
or indifferent if there is no directional response to the presence of the substance. 

It should be emphasized that chemotaxis is manifested by the direction of 
movement, not by its velocity. When there is no known chemotactic substance 
in the field, the leukocyte may move as rapidly as when it is responding to a 
chemotactic stimulus. 

A convenient method’ for studying chemotaxis is to obtain a suspension of 
granulocytes by injecting salt solution into the periotoneal cavity of an animal 
such as the rabbit. When the fluid is withdrawn, after a few hours, it is cen- 
trifuged, and the precipitated cells are suspended in plasma. To elicit chemo- 
taxis, a minute clump of bacteria or other particles is placed on a glass slide and 
allowed to dry. A drop of the cell-plasma suspension is superimposed and al- 
lowed to spread between slide and coverslip. This preparation, after being 
sealed with paraffin, is viewed on the warm stage of a microscope. The micro- 
scopic image of the cell may be projected by a device such as a camera lucida and 
the position of the cells recorded at intervals, or movements of cells may be re- 
corded by motion pictures. 

Granulocytes begin to move at once. If no chemotactic substance is pres- 
ent, their motion is at random, the cells frequently changing direction, but if a 
clump of bacteria or collodion particles is in the field, the cells immediately move 
toward these particles. If, on the contrary, certain other particles such as 
kaolin, or aluminum silicate are present, all the cells move away. Such a nega- 
tive response may be just as strong as the positive reaction to bacteria.’ 

~The kinds of leukocytes which show chemotaxis best are the granulocytes, 
that is, neutrophilic and eosinophilic* polymorphonuclears. No information 
is available about the reactions of basophils. 

Lymphocytes, on the contrary, do not show chemotaxis, at least under these 
conditions.2 They move about half as fast as granulocytes, but their direction 
isnot affected by bacteria or other material, as far as known. They may be 
studied conveniently by placing a drop of blood on a glass slide, and causing it 
to spread between slide and coverslip. Under these conditions, lymphocytes 
generally do not move at once, but only after minutes or even hours, differing 
in this respect from polymorphonuclears. In tissue cultures, such as of lymph 
nodes, however, locomotion is not thus delayed. 

In monocytes and macrophages, locomotion is delayed even more. In blood 
or exudate in vitro, these cells are stationary, beginning to move only after 
three or four days’ incubation.? However in cultures of tissue, such as omen- 
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tum, locomotion begins promptly! and, when fragments of buffy coat are 
planted in plasma, monocytes move out from the fragment, though somewhat 
later than do the granulocytes. Probably differences in delay of locomotion 
depend on cellular aggregation: if macrophages are dispersed, locomotion is 
delayed; whereas, if they are aggregated, locomotion begins soon. An easy way 
to test the validity of this generalization would be to centrifugalize exudative 
macrophages, and then to compare their locomotion with that of dispersed 
cells. 

These observations suggest that macrophages require accumulated meta- > 
bolic products before motion is possible, and the same thing may be true of lym- | 
phocytes. Granulocytes evidently need no such stimulus, or else the stimulat- 
ing substance is always at hand. : 

Chemotaxis of monocytes varies with in vitro conditions. In explants of/ 
omentum, emigrating macrophages are not attracted by bacteria or collodion | 
particles, both of which strongly attract granulocytes; but macrophages | 
repelled by silicate particles, but not strongly.! According to a recent report,* | 
blood monocytes, after a week’s incubation, were strongly attracted by bac- | 
teria. Chemotaxis may be manifested in another way, that is, by thrusting | 
out pseudopods to engulf nearby cells, as if the macrophage had been chemi- 
cally attracted. 

Of the various substances which stimulate chemotactic responses in granulo- » 
cytes, products of injury have been investigated, especially by Menkin.’ This} 
investigator has shown the importance of polypeptides (‘‘leukotaxin”), and it : 
may be that, im vivo, substances of this character are of paramount importance } 
in chemotaxis.* Some other investigators’ regard polysaccharides, such as; 
glycogen, as the important natural chemotactic agent. Monosaccharides are } 
reported to attract granulocytes from starved rats but not from fed rats, 

In in vitro experiments, I have found particles (bacteria, collodion, silicates, | 
and others) useful in semiquantitative experiments designed to investigate the : 
nature of the chemotactic field. I shall now describe some of these experi- | 
ments, the purpose of which was to find out in what sort of field leukocytes } 
show directional response to particles. At this time, information on this sub- : 
ject is far from complete. ’ 

When we examine a camera lucida record of granulocytes reacting to bac- | 
teria or collodion particles, cells at the periphery of the field are seen to move } 
less directly, in more tortuous, sometimes looping paths than do cells closer to 
the source of attraction. When microscopic fields farther away from the target | 
are observed, leukocytes are found to follow still more devious paths. At a} 
distance of about 1 mm., as many cells move away from the target, at any one} 
time, as toward it, indicating absence of chemotaxis. From these observations, 
there is clearly a gradient of stimulus most intense at the target, decreasing ; 
with distance, becoming imperceptible at about 1 mm. Characterizing this 5 
gradient, the first possibility to consider is a concentration gradient of a sub-} 
stance that diffuses from the particles, e.g., of bacteria. But does the chemo- - 


* For a different opinion, see Harris.° 
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ctic agent diffuse? Opposed to this explanation are the following observa- 
ms: 

The chemotactic response is of maximal intensity as soon as the preparation 
made, or as soon as the cells are brought to a suitable temperature. There- 
ter, the directness of cell paths does not tend to increase or decrease, as long 
leukocytes move well. Also, the size (diameter) of the chemotactic field does 
yt change with time, as measured by the percentage of cells moving toward the 
rget, from a given distance. From these observations, a diffusible attracting 
‘repelling substance is regarded as unlikely. 

One may now ask: Is any chemotactic substance at all given off by the par- 
cles? Ifso, the chemotactic effect of particles should be decreased by repeated 
ashings. This expectation, however, is disproved by washing bacteria or 
urticles of collodion or of aluminum silicate. After any number of washings, 
ese particles attract (or repel) leukocytes as strongly as before. Therefore, 
ther there is no soluble chemotactic substance present, or its supply cannot 
> exhausted. 

A second reason for doubting that such particles give off chemotactic sub- 
ances is that these particles, especially collodion and Lloyd’s reagent (alumi- 
um silicate), are almost insoluble in blood. Consequently, at 100 microns 
om a clump of particles, a distance at which chemotaxis is often active, the 
umber of dissolved molecules must be exceedingly small: too small, it would 
em, to set up an effective concentration gradient. 

Finally, it has not been possible to extract from Lloyd’s reagent any substance 
vat would produce chemotaxis. 

The evidence accordingly opposes the idea that particles such as those men- 
oned give off chemotactic substances. 

Instead of a field depending on chemical gradients, the field in which leuko- 
ytes react may be conceived to result from electric charges on the particles. 
‘his supposition is unlikely if one takes into account the relatively long dis- 
unces (several hundred microns) over which the particles act. Notwithstand- 
1g, experiments of several types were devised that might distinguish between 
ectrical and chemical fields, but these experiments did not support the hypoth- 
sis of an electrical field. 

A different explanation is possible: instead of giving off chemotactic sub- 
fances, particles may differentially adsorb substances from the surrounding 
lasma. In this way, the particles would set up a concentration gradient con- 
isting of plasma substances. Consistent with this hypothesis is the strong ad- 
yrptive ability of collodion particles and of Lloyd’s reagent. Preliminary ex- 
eriments suggest that this hypothesis is worth testing. 


Summary 


Chemotaxis, the directional response of organisms or cells to substances in 
heir environment, is termed positive or negative depending on whether there 
;attraction or repulsion. Of leukocytes, chemotaxis is displayed especially by 
ranulocytes, whereas monocytes and macrophages react only weakly to chemo- 
actic stimuli under most conditions. As far as known, chemotaxis is not shown 
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by lymphocytes. Among various substances that attract or repel leukocyte 
the best known are products of tissue injury and particles such as bacteri 
collodion, and silicates. Certain aluminum silicates are powerful repelli 
agents for leukocytes in vitro, whereas bacteria and collodion attract the 
Still other particles, such as carbon, have no chemotactic effect. When a m 
nute clump of chemotactically active particles is placed on a glass slide, and 
suspension of leukocytes in blood or plasma is superimposed and spread beneat 
a coverslip, a chemotactic field is set up of microscopic size. The ee 
of this field have been explored in an attempt to learn something of the mec 
anism of chemotaxis. A gradient of some kind exists, but that it is a gradie 
of substances diffusing from the test particles is doubted. Since repeated wast] 
ing of particles does not decrease their chemotactic effect, and as the particle 
are almost insoluble in plasma, it seems doubtful that any chemotactic su 
stance is given off by the particles. Also, it has not proved possible to extraa: 
a chemotactic substance from the particles. Alternative explanations of thi 
mechanism are that the chemotactic field is of an electrical nature, or is set ui 
by differential adsorption of plasma constituents to the test particles. Thes: 
possibilities are being explored. 
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PHAGOCYTOSIS 


By Claude-Starr Wright and Matthew C. Dodd 
Departments of Medicine and Bacteriology, Ohio State University, Columbus, Ohio 


In 1870, Langhans observed that leukocytes phagocyted fragments of worn- 
it red blood cells found in tissue debris. Panum (1874) and Rosser (1881) 
suggested that this process might actually be a method of destruction of mi- 
obes.”! It remained for Metchnikoff to establish phagocytosis firmly as an 
yportant defense mechanism. In 1882, Metchnikoff, then a Russian political 
fugee living in Messina, Sicily, began his studies. His first experiment was 
ade by placing a rose thorn under the skin of the starfish larva. This organ- 
m, having no blood vessels or nervous system, responded by surrounding the 
orn with mobile cells.2 Metchnikoff proposed that cellular phagocytosis 
as the primary means of the body defense mechanism. This suggestion was 
ot enthusiastically received by the “humoral school” of investigators. For 
le past 70-odd years, the relative values of the umoral versus the cellular 
sfense phases have been argued. The humoral aspects have received more 
‘tention, on the whole, and have been assigned a greater relative importance. 
ndoubtedly, one of the major factors was the facile means of demonstrating 
ntibodies experimentally. It has been encouraging to see the renewed in- 
rest that has been stimulated in the last few years in the cellular phases. 

The phagocytic defense mechanism by leukocytes consists of the three phases, 
nemotaxis, phagocytosis per se, and digestion of the ingested material. This 
iscussion will be concerned with the second phase, that is, phagocytosis per se. 
ur purpose is twofold: first, to review the elements involved, including the 
ertinent factors influencing these elements; and, second, to comment on the 
yeoretical mechanisms underlying this process. The limitations imposed are 
bvious. Mudd, McCutcheon, and Lucké made a masterful review of phago- 
ytosis in 1934.3 Berry and Spies brought the subject up to date with their 
<cellent survey in 1949.4 For the most part, we shall confine our discussion to 
bservations that have been reported in the intervening years. 

The specified functions of the macrophage and microphage systems are not 
s distinctly categorized as Metchnikoff first reported. The functions of these 
wo systems overlap to a great degree and are so closely coordinated that one 
ystem may easily compensate for the other. The fundamental mechanisms 
yvolved in both cell systems are similar, their differences being primarily geo- 
raphic rather than physiologic. Information gained experimentally from a 
rudy of the one system has frequently been applied to the other with success. 
t is therefore difficult to separate validly the two systems either by function 
r by mode of action. 

The three elements involved in the phagocytic phenomena are (1) the phago- 
yte, (2) the ingested particle, and (3) the environment in which ingestion takes 
lace. Discussion is presented in this order. 


The Phagocyte 


Of the mature leukocytes, the granulocytes and monocytes are potentially 
hagocytic. The neutrophilic granulocytes are more phagocytic than the 
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eosinophils and basophils. Most observers agree that the mature lymphocy 
is not phagocytic in the same sense. However, there is some difference ‘fp 
opinion.» §.7_ There is also conflicting opinion regarding the phagocytic pote i 
tiality of plasma cells. Marked erythrophagocytosis by plasma cells from 
case of plasma cell leukemia was recently reported.° 
The younger mature granulocytes with one or two nuclear lobes are the moy : 
effective phagocytes.!° Granulocytes from anemic humans" and anemic EF 
perimental animals!” show increased phagocytic potential. Similar enhanci 
ment is seen after granulocytes have been treated with surface-active agents 
Diminished phagocytic activity has been shown by granulocytes from (1) ix 
fants, (2) from myeloid leukemia patients, (3) from animals made deficie 
of any of the B vitamins, except inositol and p-aminobenzoic acid (Mills),1®« 
vitamin C (Mills, Nungester and Ames),!*: 7 or of protein (Mills),!® (4) fro 1 | 
patients on corticotropin or cortisone therapy,’ and (5) from stored blooog 
Leukocytes suspended in albumin solution assume a spherical form and remai 
discrete with no tendency to clump or undertake phagocytosis.!° it 
The phagocytic capacity of leukocytes is dormant below 15°C. Above th : 
temperature, their activity increases with the approach to 37°C. Above 401 
42° C. it again diminishes.”?: 2! 


The Particle 


Observations on phagocytosis are most frequently made by noting the ingeé 
tion of cells such as bacteria, red blood cells, or other debilitated body celll 
and of noncellular foreign particulate matter, including crystals and nonmiscibt 
vacuolated liquids. 

The production of antiphagocytic factors by bacteria actually may inhibi 
their ingestion and, in fact, this capacity is frequently associated with bacteria 
virulence, or the ability to parasitize and invade animal tissues. This is exent 
plified by certain pneumococcus capsular polysaccharides which are nontox 
and provide the cells with “protective” surface.” In contrast, the antiphage 
cytic action of the somatic “O” antigens on the surface of many gram negati 
species, and of the exotoxins and leukocidins of many gram positive agents | 
associated with their toxicity for phagocytic cells. Nonbacterial substance! 
such as mucin’ and certain surface-active agents" may also be antiphagocyti| 

The capacity of immune sera to enhance phagocytosis of virulent organisnt 
has been known, practically since the time of Metchnikoff, as the opsonic fune 
tion of antibody. The opsonic action of fresh, normal sera is equally well 
recognized and is usually considered a function of normal antibody plus co 
plement or, because of its heat lability, due to complement alone. Nonspeci 
opsonic agents include nonantibody proteins such as globin?’ and fibrin. Koni: 
ely has emphasized the necessity of a fibrinlike coating of blood proteins ai 
inert particles such as India ink and kaolin for their phagocytosis.* Substance 
such as tannin, enzymes such as trypsin, certain viruses, and periodate als: 
enhance the phagocytosis of erythrocytes in the presence of normal serum, bu 
not in saline.” It has been shown in this laboratory that increased phagocy 
tosis of enzyme or virus-treated red blood cells is mediated by normal antibod! 
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normal sera for antigens made available on the surface of the cells by these 
ents which, by themselves, are not the actual opsonins.”® 2”, 


The Environment 


The environment in which phagocytosis takes place has received the least 
tention of the three phases until the last few years. Most of the standardized 
sts for phagocytosis have been made in glass tubes or on smooth surfaces of 
ass slides or cover slips. Physically, these im vitro systems have little in com- 
on with in vive processes. The recent discriminating observations by Wood 
id associates have brought the environmental aspects of phagocytosis into 
eit rightful prominence and perspective. 2%: 3% #1 

First, Wood makes an important distinction between acute and chronic in- 
ctions, noting that most bacteria causing acute infections in man do damage to 
1e body primarily when they are outside of the cell. Once ingested by phago- 
ytes, they are destroyed by the enzymes in the phagocytic cells. On the other 
and, most bacteria which cause chronic infections are essentially intracellular 
-ganisms. 

In the normal animal, microphagocytes (granulocytes) move intravascularly 
ith the current of blood along the vessel wall in rolling fashion and are not 
tively phagocytic. The entrance of bacteria into the blood stream, however, 
‘uses an immediate change. The granulocytes stick to the endothelium of 
pillaries and assume ameboid motility. They are then potentially phago- 
ytic. Intravascular phagocytosis without specific opsonization may be accom- 
lished in three ways: (1) the granulocyte traps the particle against the endo- 
1elium; (2) intercellular surface phagocytosis may be caused by a particle 
apped between two adjacent leukocytes; and (3) small fibrin deposits on the 
ipillary walls catch bacteria, and the granulocytes then phagocytize the par- 
cles caught in the interstices. Intravascular phagocytosis varies inversely 
ith the rate of blood flow. It is rare where the flow is rapid and is most fre- 
uent in capillaries with sluggish flow. 

Surface phagocytosis depends on the presence of a relatively rough or 
sticky” surface against which the leukocyte can pin the bacteria. It operates 
est in relatively compact tissues as spleen, lymph nodes, liver, subcutaneous 
ssue, and lungs. It is less effective in open cavities where chance contact is 
SS. 

Most of the common bacteria causing acute infections in man are susceptible 
) the surface phagocytosis mechanism. The principal exception is the pneu- 
ecoccus type ITI.” 

Thus the observations of phagocytosis in an environment which simulates 
osely that of an im vivo situation has been emphasized. 

There are, in addition, many chemical and physical influences which have 
ready been excellently reviewed.’ * We wish to emphasize here only two of 
ese factors: (1) corticotropin, which lessens phagocytosis;* and (2) the folic 
sid antagonist’ in bone marrow cultures which seemingly enhance phagocyto- 
a? 
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Mechanism 


What determines whether a particle is to be phagocytized or not? Ther 
is no completely satisfactory answer to this question. The theoretical mec 
anisms have been classically ascribed to phenomena associated with surfaci 
energy and electrostatic charge.*: *: #4 * 

In attempting to substantiate Fenn’s theoretical hypothesis, Berry and hi 
associates found that five of 52 surface-active agents tested im vitro enhancee 
phagocytosis when the phagocyte was treated, but lessened phagocytosis wher 
the particle was treated. Intraperitoneal injection of one of these surface 
active agents (Triton, N — 100) failed to protect mice against experimentally 
induced infections with Salmonella. The explanation of this finding was thai 
the effects on the phagocyte and on the particle negated each other. Nungestei 
and his associates also found that cationic quaternary ammonium compoundi 
stimulated phagocytosis.*® They found, however, that closely related chemica 
substances which were not surface-active behaved similarly. They concludee 


b 


that there was little relation between the lowering of surface tension and th 
ability to stimulate phagocytosis. . 

It should be added here that no satisfactory methods of determining inter 
facial tension between surfaces of the phagocyte and the particle are known aif 
present. | 

In 1921, Northrop and De Kruif noted that specific immune serum decreasee 
the electrostatic charge on bacteria.*”7 We have found that various modificay 
tions of erythrocytes by trypsin or virus treatment also lower the electrophon 
etic mobility of these cells. These cellular ‘particles’ with lessened chargi 
show a greater susceptibility to phagocytosis. There are other factors, how 
ever, which also may enhance phagocytosis without measurable alteration of 
the charge.® 

Nungester and his associates noted that their test leukocytes were electra 
negatively charged.** This observation has resulted in their questioning charg 
as a significant part of the phagocytic mechanism, in that electronegativel] 
charged bacteria are attracted to and phagocytized by electronegatively charged 
leukocytes. This phenomenon is a puzzle. If means were available for meas. 
uring a localization of charge on the phagocyte surface, rather than having tif 
measure the total surface charge, as is now done, these theoretical mechanis 
might be more tenable. There is evidence that the charges on a cell surfaci 
may vary in a mosaic pattern. : 

It has been suggested that the fundamental process of phagocytosis may nod 
be primarily physical but rather biochemical.**: **. 89 This suggestion makes | 
challenging area for future exploration. 
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LEUKOCYTES INVOLVED IN ANTIBODY FORMATION* 


By Albert H. Coons, Elizabeth H. Leduc, and Jeanne M. Connolly 


partment of Bacteriology and Immunology, and Department of Anatomy, Harvard Medical 
School, Boston, Mass. 


The site of antibody production has intrigued and puzzled pathologists, 
matologists, and immunologists since the discovery of antibodies, in 1890, by 
n Behring. In recent years, there has been a rising tide of experimental 
ta bearing on this subject, both as to the organs involved in antibody pro- 
ction, and as to the cell type responsible for the actual synthesis. These data 
ve been extensively reviewed by Fagraeus,'! by Burnet and Fenner,” and by 
cMaster,* so that fortunately it is not necessary to summarize this literature 
detail. 

There have been three cell types on which suspicion in connection with anti- 
dy formation has been focussed: the macrophage, the lymphocyte, and the 
asma cell. Evidence that the macrophage was involved in the synthesis of 
tibody was never direct and, indeed, all evidence on the subject is negative. 
yy example, Ehrich, Harris, and Mertens‘ were unable to find antibody in 
ucrophage-containing exudates at the height of antibody production, and 
iller and Bale® have recently failed to find any incorporation of C-labelled 
sine into gamma-globulin by the perfused rat liver, indicating that no gamma- 
ybulin is formed in the liver, including of course the Kupffer cells. 

The evidence in favor of the lymphocyte is likewise circumstantial. It is 
sed, we believe, on two misfortunes which could hardly have been anticipated 
- the investigators: (1) that in a lymph node stimulated by an antigen for the 
st time, considerably less than one per cent of the cells present are engaged 
antibody production;* and (2) that the early forms of the cells which do form 
tibody are morphologically very similar to the early forms of lymphocytes. 
may be, however, as Burnet and Fenner have suggested, that members of 
e lymphocyte series contribute to the long-continued formation of low levels 
antibody, and there are hints in the evidence collected in our laboratory that 
is suggestion may be correct. However this may be, Harris, Rhoads, and 
okes could find no antibody in the thymus of immune rabbits.’ 

On the other hand, the evidence for the participation of the plasma cell in 
tibody production has become, in our opinion, conclusive. Following the 
id of Bing,’ Bjérneboe and Gormsen,*: '° Fagraeus,": " Kolouch, Good, and 
impbell,!? Ehrich, Drabkin, and Forman,” Marshall and White,’* Keuning 
d van der Slikke,!® Moeschlin, Palaez, and Hugentobler,'® Thorbeke and 
euning,!”” and Makinodan, Ruth, and Wolfe,"* all studied the cellular changes 
fer repeated injections of antigen. In such animals, there develop colonies 
plasma cells in the spleen and lymph nodes containing several hundred cells 
r colony. These colonies develop in the red pulp of the spleen and in the 
sdullary areas and around the lymphoid follicles of lymph nodes. These 
srkers have shown that: (1) the antibody content of such tissues is correlated 
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with the presence of plasma cells; and (2) fragments of tissue containing plas 
cells will continue to synthesize antibody when transferred to culture fl 
in vitro. The synthesis is more rapid if the tissue contains younger members 
the plasma cell series, especially large cells with basophilic cytoplasm called 
Fagraeus “transitional cells” and, by others,": '® plasmablasts or hemocy 
blasts. 

The first direct demonstration of antibody in individual cells was carried 01 
by Reiss, Mertens, and Ehrich,!* who showed that plasma cells from stimulate 
lymph nodes would specifically agglutinate the bacterial species which had be« 
used as the stimulus. Later, Hayes, Dougherty, and Gebhardt”? carried ol 
similar experiments with cells from subcutaneous tissue where antigen had pn 
viously been deposited. They identified the specifically agglutinating cells | 
lymphocytes. However, still later, Moeschlin and Demiral* confirmed Rei 
et al., using as an additional criterion for the identification of the cell type t 
presence of small cytoplasmic granules visible under the phase microscope whi: 
Moeschlin ef al.!® had previously described as characteristic of plasma cells. 

In studies of antibody formation in our laboratory, use has been made 
fluorescein-labeled antibody as a histochemical reagent." This method alloy 
the localization of antigen under the fluorescence microscope because of t! 
specific precipitation of the labeled antibody over sites where the antigen jj 
present. If antibody-containing sections are exposed to specific antigen 
vitro, the antigen fixed to the section by the presence of antibody can similan 
be detected, and thus, by the use of two layers, antibody can be localized 
cells and parts of cells.22 When rabbits repeatedly injected intravenously wii 
alum-precipitated human gamma-globulin or egg albumin were studied | 
means of this immunohistochemical reaction, the islands of plasma cells in t) 
spleens were found to contain unequivocal, and perhaps large, amounts 
antibody in their cytoplasm, and sometimes.also in their nuclei (FIGURES 1, ‘ 
These cells were scattered in large aggregations throughout the red pulp. | 
an occasional Malpighian corpuscle, there were traces of antibody in son 
of the cells. Similar groups of plasma cells were found in the medullary are 
and around the lymphoid follicles of lymph nodes. A few similar cells we 
encountered in the portal connective tissue of the liver, along the basemei 
membrane, and in the stroma of the villi of the ileum.” In brief, in many | 
the areas where Bjgrneboe and Gormsen® found plasma cells in their much md 
vigorously stimulated rabbits, plasma cells containing antibody were identifid 

Studies were also carried out on the popliteal lymph node of the rabbit f! 
lowing the injection of diphtheria toxoid into the footpad. Here, after t 
first injection, there were only occasional rather immature (“transitional” 
“blast’’) cells in the medullary areas, which were first demonstrable on the fout 
day, and increased somewhat in number up to the eighth day, when they we 
mature. The number of these cells was so small that their identification in 
jacent sections was not possible. This paucity of active cells probably 4 
counts for the difficulties of identifying the cell type in animals which have | 
ceived only one injection. By the end of three weeks, it was very difficult | 
find any cells, It should be emphasized that there was no evidence in this 
terial of storage of antibody in cells, of any antibody which might be releas 
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Ficure 1. Rabbit. Low power view of the spleen of a rabbit repeatedly injected with human gamma globu- 
‘and sacrificed on the fifth day after the last injection. Section treated with dilute human gamma globulin, 
owed by fluorescein-labelled antibody. The white areas show the fluorescence of the labelled antibody. 
ttered islands of antibody-containing cells in the red pulp (compare with Fagraeus,! figure 6). 


the sudden dissolution of cells following another injection of antigen or of 
me other agent. 

Following a second injection of toxoid, a month after the first, the lymph node 
aining the site underwent a dramatic sequence of changes. On the second 
y, large cells with basophilic cytoplasm and large nuclei, which were fre- 
ently in mitosis, appeared in the medullary areas and around the periphery 
lymphoid follicles. These cells contained the first visible traces of antibody. 
1 succeeding days, colonies of more mature cells, containing more antibody in 
eir cytoplasm and sometimes traces of it in their nuclei, appeared in the same 
ations until, by the eighth day, there were colonies of plasma cells with 
ge amounts of antibody (as judged by the increasing intensity of the fluores- 
nce) in their cytoplasm. The location and numbers of these cells at various 
wes in their development made it possible to correlate the presence of anti- 
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FicurE 2. Higher power of red pulp (compare with Keuning ef al.,!5 figure 3). 


body in one section with the morphology of Giemsa-stained adjacent sé@ 
tions.®: 73 
In some of the lymphoid follicles, traces of antibody were discernible in son 
of the cells close to the center of the follicle. In such areas, it often appear. 
that there was antibody outside the cells as well. Although the significan 
of this finding is not clear as yet, it is consistent with the hypothesis that sm 
amounts of antibody are also formed by lymphocytes. Nevertheless, by - 
the greatest amount of antibody was present in recognizable members of ti 
plasma cell series. Antibody was first found in cells at the blast stage, and 
creased in amount in the cytoplasm as the cells multiplied and differentiatee 
It seems most likely, in view of all the evidence now available, that the plasn 
cell differentiates specifically in response to antigenic stimulation. Moreovi 
the initial antigenic stimulus has a hidden effect which does not become mab 
fest until it is unveiled by the burst of growth and protein synthesis wh 
follows a second specific stimulus. 
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FACTORS CONCERNED IN THE MOBILIZATION OF LEUKOCYT 
IN INFLAMMATION* 


By Valy Menkin 


Barr Chase Foundation for Cancer Research, Temple University School of Mediex 
a dee eta Philadelphia, Pa. 


In this survey of some of the factors concerned in the mobilization of leuk 
cytes in inflammation, I propose to discuss three topics: (1) the present stat} 
of leukotaxine; (2) the cytological sequence in an acute inflammation in relati 
to the hydrogen ion concentration; and (3) the factors that determine the le 
kocyte level in the circulating blood with a concomitant acute inflammation. | 


1. The Present Status of Leukotaxine and the Local Migration of 
Polymorphonuclear Leukocytes in Inflammation 


About 18 years have elapsed since the first description of leukotaxine as: 
diffusible factor from whole or cell-free exudate. This factor was subsequent 
isolated and crystallized.2 The substance was found both to increase capillag 
permeability at the point of its injection in tissue and to induce the local mi 
gration of polymorphonuclear leukocytes.*:* The chemotactic property | 
leukotaxine was also demonstrated by in vitro studies. By deproteinizati( 
with either pyridine or dioxan and acetone, followed by butanol treatment, 
final product was obtained apparently devoid of gross impurities since it cou 
even be brought to the crystalline state. Morimoto, in Japan, has recently o} 
tained and described the same needlelike crystals of leukotaxine, as occasio\ 
ally obtained by the writer.» Now, the whole exudate contains box 
biological properties of increasing capillary permeability and of inducing lei 
kocytic migration. The final crystalline product possesses the same two bi 
logical properties. In all of the studies of the writer on the chemical identi 
cation of various substances from inflammatory exudates, the exudate, as sud 
serves first as a base level. This base precludes, to a large extent, the possibilil 
of a chemical artefact. The utilization of various simple tests for protein ai 
amino groups, combined with determinations of the amino nitrogen before ai 
after hydrolysis, led us to the view that leukotaxine was a relatively simple po! 
peptide to which there may possibly be attached an as yet undetermined pr 
thetic group.6 At about the same time, it was observed that treatment of eitl} 
blood serum or crystalline serum albumin with crystalline trypsin resulted | 
the formation of intermediary protein breakdown products that had both p 
meability and chemotactic properties.’ This finding was merely suggestiy 
and it added further support to the concept of leukotaxine as a polypeptid 
I should like to stress here that such enzymatic products may resemble ld 
kotaxine, but should not be considered to be leukotaxine. Leukotaxine! 
derived from exudative material and reasonably explains the mechanism of ti 
of the basic sequences of inflammation. Breakdown products of proteins 4 
tained by enzymatic digestion are merely suggestive but, in their final eva} 
} 
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on, one must not overlook that any inference drawn is only one of analogy. 
til leukotaxine is purified further, and until its structure is known, it is 
90rtant to concentrate closely on its extraction from exudates. 

Juthie and Chain have likewise obtained a biologically active polypeptide 
m the peptic hydrolysate of blood fibrin which was capable of increasing 
jillary permeability and of inducing leukocytic migration. Cullumbine and 
don, who also confirmed the presence of leukotaxine in goat exudates, were 
swise capable of obtaining active polypeptides by enzymatic digestion.® 
ese investigators showed that various other irritants, such as mustard gas 
lewisite, and the edema fluid of lungs exposed to phosgene were all able to 
rease capillary permeability and to induce leukocytic migration. The effect 
s shown to occur even in man by application of mustard gas or by the intra- 
‘mal injection of leukotaxine followed by the intravenous injection of Evans 
e.2 Cullumbine and Rydon made the very interesting observation that 
kotaxine was destroyed or inactivated by normal blood plasma or serum but 
led to be inactivated by the sera from animals suffering from “‘shock”’. They 
re also unable to recover leukotaxine in the sera of shocked animals.® 
Spector has recently extended the studies of these investigators on peptides 
1 on the relation of peptides to inflammation.!® His attention was primarily 
ected to a study of the peptic digest of fibrin. The peptides obtained were 
yable of increasing capillary permeability, of inducing leukocytic migration, 
1 of causing swelling of endothelial cells. By treating the digest with am- 
mium sulfate at 75 per cent saturation, Spector succeeded in dissociating two 
ctions. The resulting precipitate contained the three biological properties 
the original digest, i.e. permeability, chemotactic, and endothelial cell-swell- 
‘capacity. On the other hand, the supernatant fraction had no permeability 
yperty, displaying only leukocytic migratory and endothelial cell-swelling 
lities. The average length of the peptide chains was different in both frac- 
ns of the digest after (NH,)2SO, precipitation. In the precipitate fraction, 
an isoelectric point at pH 3.8, there were 14 amino acids, whereas in the su- 
natant the peptide contained only five amino acids. Spector was thus able 
separate the chemotactic factor in the fibrin digest from the permeability 
tor-by obtaining peptides of different chain lengths. To the writer, it is of 
erest that the ammonium sulfate supernatant fraction of the digest devoid 
any permeability capacity failed by chromatographic study to show any pro- 
2 or amino butyric spots. These spots were present in the other fractions 
the digest. The role of proline or amino butyric in the mechanism of in- 
cing increased capillary permeability by the digest of fibrin should perhaps 
determined. In his study of inflammatory exudates, however, Spector was 
apable of bringing about any such dissociation.!® In the rabbit, guinea pig, 
1 goat exudate, this investigator, by using either 50 or 75 per cent (NH4)2SOs , 
ained peptide fractions containing both permeability and chemotactic prop- 
ies. In 1938, the writer stated in his original description of the two biological 
perties of leukotaxine: “The analytical procedure has thus failed to dissociate 
two factors. Although this type of evidence is strongly suggestive of a 
gle substance, it is, however, to be borne in mind that only the certitude of 
nplete purity of the material can establish this as a definite fact.”’ Thus 
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far, although there may be two separate substances in leukotaxine, such a dii 
sociation has not been accomplished. In brief, Spector has succeeded in oh 
taining a separation in the digest of fibrin; but he has not been able to repoy 
any such dissociation in inflammatory exudates."° The writer has recent) 
pointed out that the chemotactic property of leukotaxine when kept standi 
for months, frequently becomes obliterated, while the permeability propert 
persists." Such observations do not represent a dissociation, but may simp) 
indicate the greater instability of the chemotactic group in the leukotaxut 
molecule. A difference in the threshold of the two biological properties ha 
already been noted previously.’ In summary, as matters stand at present, vi 
still have to consider leukotaxine as a single entity. The difference in the r 
sults obtained by Spector in the fibrin digest from those observed in inflam 
matory exudates!’ again emphasizes the necessity of concentrating our ai 
tention on studying, at least at present, leukotaxine as extracted only from hij 
flammatory exudates rather than drawing inference from enzymatic digests | 
proteins. 

Harris has recently described his findings on the chemotactic activity | 
leukocytes in vitro by a new technique.” His observations seem to indicap 
that chemotaxis, as studied im vitro, is a different phenomenon from what . 
termed chemotaxis im vivo. It is quite possible that the complex im vivo p 
nomenon, as observed in inflammation, is the resultant of a number of factow 
whereas the 7 vitro results represent the behavior of a single factor. This pcg 
sibility may well account for the discrepancies observed by Harris in a numb) 
of microorganisms. : 

Harris, in his studies on exudates, has utilized the rabbit’s pleural cavii 
following the introduction of 1 ml. of turpentine. He reports that the resultini 
rabbit exudate from this dose of turpentine is toxic to leukocytes by in vif) 
studies." He points out that turpentine per se is toxic to these cells. By th 
procedure utilized for leukotaxine extraction, Harris has recovered nonvolat} 
derivatives of turpentine. The results obtained by the writer?’ * in 1938, an 
therefore some of his interpretations, are at variance with the views of Harris: 
These differences can be listed briefly as follows: 

(1) Harris has used the pleural cavity of the rabbit, whereas the writer hi 
utilized the dog’s pleural cavity with the same type of irritant. The size 
the pleural cavity of the two animals should be considered in estimating t' 
toxicity and the dilution effect of about the same dose of turpentine on the effe 
on leukocytes. A possible differential susceptibility to injury on the part | 
leukocytes in the two animals treated with the same irritant should also be ke: 
in mind. 

(2) The writer found that a very large number of leukocytes are viable in ti 
first day of inflammation following the introduction of 1 to 1.5 ml. of turpentil 
in the pleural cavity of the dog. This response was shown both by the usu 
criteria of fixed stained preparations and by supravital staining [in this conné 
tion cf. Figure 1 in Menkin and Warner,*° (1937) and the footnote, p. 28, of tif 
same paper. See also Menkin“ (1939)]. | 


(3) Turpentine was shown by the writer to contain no leukotaxine or leuk 
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xinelike material by utilizing similar extraction procedures as employed for 
udates? (see Menkin,’ p. 146, footnote). 

(4) Cullumbine and Rydon had used turpentine on the goat, and also other 
irelated irritants, such as mustard gas and lewisite, the blister fluid from 
sated areas, and lung edema fluid following phosgene administration.’ The 
riter had used, besides turpentine, the effects of burns, an aleuronat-starch 
ixture in rabbits, croton oil in olive oil, and human exudative material.” 4 
ecently, by merely crushing and mincing muscle tissue of the rabbit, a leuko- 
xinelike material was obtained from the extract.’ Thus, an irritant was 
und to be unnecessary, but damage to cells seemed to be a requisite in order 
y obtain leukotaxine, or at least a leukotaxinelike material having the two 
ological properties described above. 

The foregoing facts, in addition to the controls used when turpentine was 
tilized and extracted per se, and the inability of normal blood serum to yield 
ry appreciable amounts of leukotaxine when similar chemical procedures were 
nployed, render Harris’s viewpoint somewhat difficult to accept. As pointed 
it above, it is conceivable that the discrepancies between the two laboratories 
ay be partly referable to the utilization of different animals and also to the 
nequal-sized thoracic cavities of the latter. When attempts are made to sub- 
antiate the studies of other investigators, it is well at first to use the same 
schniques on the same animal before deviating to other procedures, however 
nportant. 

Tn a recent review, Harris argues, without supplying any new factual informa- 
on or evidence, that leukotaxine has not been convincingly established as a 
hemical entity.'! Assertions, as such, have to be backed by additional facts, 
nd not merely by arguments. Let us examine the essence of Harris’s conten- 
on and inferences: 

(1) On page 542 of the review in question, Harris admits that “there is little 
oubt that the material extracted by Menkin from inflammatory exudates does 
icrease capillary permeability and cause emigration of leukocytes from vessels 
hen it is injected into the tissues.’’ These are precisely the properties of the 
hole untreated exudate, as the present writer has often pointed out. Menkin 
as demonstrated that exudative material has the biological properties of in- 
reasing capillary permeability and of inducing leukocytic migration; and that 
xactly the same effect is duplicated by the extracted material or leukotaxine. 
farris implies that this is a nonspecific reaction elicited by any polypeptide 
hat irritates blood vessels. This implication is not quite factual for, as it has 
een pointed out, other peptides, such as glutathione and a great number of 
mino acids, induce no such reaction (see Menkin,? p. 47, footnote). ACTH 
corticotropin), which is presumably a mixture of peptides, fails to induce any 
icrease in capillary permeability. Furthermore, and most important, other 
eptides extracted from exudates, such as, for instance, exudin,* fail to induce 
oth combined properties of increasing capillary permeability and of causing the 
he migration of leukocytes. Accordingly, there seems to exist a biological spec- 


* Preliminary chromatographic studies indicate that exudin seems to be a long chain peptide (unpublished 
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ificity in leukotaxine not elicited by all other peptides of the exudate. 
course, as stated previously, the discovery of leukotaxine does not, howeve 
preclude the possibility that other active substances exist in the exudate, b 
these substances have not yet been identified and differentiated (at least wit 
any degree of certitude), whereas the presence of leukotaxine has been demo 
strated (see Menkin,‘ p. 42). 

(2) Harris comments on the question of the “relatively pure” state of leuk 
taxine. Leukotaxine has always been considered to be purified material e 
tracted from exudate,?:* and even crystallization is no criterion for purity, 
is well known. Different methods of chemical extraction from exudate ha 
yielded, over the years, essentially the same type of material with the sa 
biological properties. !° 

The recent use of N acetic acid in the final precipitation from the aceton 
supernatant residue probably removes any lipids as impurities in the precipi 
tate. 15 On the other hand, even in 1938, the original paper of the write 
stressed the necessity of complete purity of the material (Menkin,? p. 149). | 

Leukotaxine is the material purified from the crude exudate; but its absolut} 
purity has never been claimed, and, in fact, the necessity of further chemicd 
purification has often been emphasized by the writer (Menkin,!® p. 138 
Menkin™; Menkin,”> p. 147). 

In Nature, the writer states, in regard to the various factors isolated fron 
exudates, ‘“These substances are at present relatively crude, and it is hope 
that they will be purified further.’’” Chemical purity, however, is not to b 
confused with chemical entity, as Harris seems to imply. Many specific bic 
logical substances are known to exist without having as yet been completel! 
purified. ACTH (as it is distributed) seems to be one such substance. Ye 
no one would question its existence. The specific biological effect of leukc 
taxine has been amply confirmed. Harris seems to take no cognizance of thi 
confirmation by other investigators of this biologically active substance. Suc! 
investigators include, among others who have studied this significant substance 
Cullumbine and Rigdon, Morimoto,® and Pasquali.!8 

It is significant to point out also that, as a control, when blood serum w 
extracted for leukotaxine, essentially no activity resulted in the end product 
Yet the same original chemical procedure was utilized as in the case of t 
inflammatory exudates (Menkin,!* p. 69, footnote 12, and Menkin2°), 

(3) As pointed out above, an irritant is not even a necessity; mere cellul 
injury seems to be requisite. This fact considerably weakens the criticisn 
that possibly the irritant exists in the end product, i.e. in leukotaxine. Leukc 
taxine or leukotaxinelike material has been extracted after severely injurin 
muscle tissue." . 

(4) The biological activity of leukotaxine is specifically abolished or, at leasty 
markedly reduced by adrenal cortical extract, cortisone, or Compoun} 
F2' 1 On the other hand, the activity of exudin, also derived from exudaté 
is not altered by the above corticosteroids but only by ACTH.” Both leuke 
taxine and exudin increase capillary permeability, although exudin fails t} 
induce appreciable emigration of leukocytes. These facts support the idea tha: 
leukotaxine is a rather specific chemical and biological entity in exudates 


Menkin: Leukocytes in Inflammation 961 


irris, in his review, completely ignores these significant differential observa- 
ns. In some recent as-yet-unpublished studies, it has been found by the 
iter that, whereas leukotaxine increases the permeability of sea-urchin ova to 
iter,” exudin, another apparent intermediary product of protein breakdown, 
tracted from acid exudates and capable of increasing capillary permeability, 
ils to increase the permeability of the same sea-urchin ova (Arbacia punctu- 
fa) to water. It is conceivable, in view of these facts, that possibly leuko- 
xine acts on the endothelial cell permeability, whereas exudin might perhaps 
t on the intercellular cement substance in capillaries. At any rate, the sig- 
ficant point is that various intermediary breakdown products from exudates 
we different but specific biological effects. 

(5) Is leukotaxine chemotactic per se? Without any evidence of his own or 
that of any other investigator, Harris dismisses this point as unproved despite 
e earlier facts presented by the writer. In 1938, leukotaxine was shown to be 
emotactic in two ways’: 

(a) By placing it in capillary tubes, sealing one end of each tube, and intro- 
icing the tubes under ether anesthesia in the peritoneal cavity of rabbits 
ith inflammation induced by aleuronat and starch. These experiments were 
mtrolled by using also the inactive material obtained from blood serum by 
same methods utilized for the extraction of leukotaxine from exudates. 
line, distilled water, and lactic acid were also employed as additional controls. 
he migration of leukocytes in the leukotaxine tubes was much more striking 
1d further inward than inthe control tubes. Harris objects to the capillary- 
ibe method in view of Pfoehl’s work.” Pfoehl was skeptical of the capillary- 
ibe method, for it implied that the leukocytes locomote against gravity. He 
as of the belief that the leukocytes were swept in the tubes by convection 
irrents at the mouth of the tubes. Further observations im vivo and in vitro 
y Ruchlidew seem to support Pfoehl’s point of view. Although it is readily 
mitted that more modern in vitro methods, as used by McCutcheon” and, 
ore recently, by Harris! are more precise than the older capillary-tube tech- 
ques, this fact does not necessarily mean that all observations made with the 
pillary-tube technique, especially when well controlled, should be discarded. 
he writer has controlled his observations very carefully with leukotaxine and 
.e material extracted from blood serum which, in turn, is inactive, and has 
und a definite difference in migration when the capillary tubes were intro- 
aced in the inflamed peritoneal cavity. A similar difference was found with 
1e use of saline, or distilled water, or lactic acid. If the effects obtained were 
itirely due to convection currents or even osmotic-pressure difference, it is 
smewhat difficult to see how the tubes enclosed in the peritoneal cavity would 
1ow such sharp differences in reaction. It is an assumption to assert that 
snvection currents, even if such currents were set up in the peritoneal cavity 
or which there is as yet no proof), would account for the difference between 
ukotaxine from exudate and similar but inactive material from blood serum. 
he inferences drawn by Harris are unwarranted by the observed facts. 

(b) The writer has pointed out that particles of leukotaxine ona slide induce, 
. a relatively short time, the clustering and collecting of leukocytes around 
This clustering fails to occur when, as a control, either charcoal or reduced 
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iron powder are utilized (see Menkin,* Figures on pp. 4 and 55). This ob 
servation, namely, that leukotaxine is per se chemotactic, was considered to bij 
supporting evidence to the capillary-tube observations. Harris, on the othe 
hand, takes exception to this interpretation. In the first place, he makes 
comments about the capillary-tube observations, but since, throughout hi 
review, he rejects information obtained by this capillary technique, he ev! 
dently dismisses also such observations by the writer without any furthe 
remarks. In regard to the in vitro observations of the clustering of supravitall 
stained leukocytes around particles of leukotaxine, he expresses the belief tha 
the cells are dead, since the cells appear rounded with visible nuclear men 
branes. If the cells are dead, how they were able first to locomote and thes 
to gather around the particle of leukotaxine is a complete enigma to the write 
The same cells, when observed on a slide with charcoal or reduced iron powdes 
failed to display any adherence to this type of material (Menkin,* cf. Figure 
15 and 16, pp. 54 and 55). Furthermore, if the cells are dead, the nuclei wou 
tend to take the neutral red stain (cf. for instance, in this connection Figure 2¢ 
p. 84, Menkin, for the nuclear neutral staining when cells are either markedl} 
injured or dead). It is true that, as supravitally stained leukocytes approaci 
nearer to concentrated particles of leukotaxine, they often do not contain an 
stained granules in their cytoplasm. The exact meaning of this observatios 
is not, as yet, quite clear. On the other hand, if one examines the slide at | 
distance from leukotaxine, the granules are stained supravitally in the cyte 
plasm of many of the leukocytes. The tendency for the cells to appear rount 
is possibly referable to the fact that the cells on the slides, when drawn by © 
well-known and accurate artist at the Harvard Medical School (E. Piotti} 
had been removed from the temperature of 37° C. in the incubator and wer 
drawn at room temperature of approximately 20° C. or so. 
However, in view of Harris’s comments, this question was again reinvest/f 
gated with two different fractions of leukotaxine, namely, the evaporates 
acetone supernatant fraction after deproteinization and the N acetic fractio 
of leukotaxine recently described."': 1 Essentially the same results as origi 
nally described were obtained. A total of seven separate experiments wa 
performed. Leukotaxine was placed on a supravitally prepared slide wit! 
neutral red. A drop or two of a one-day-old exudate was added fairly near ti 
the particle of leukotaxine. The exudate was derived by the injection unddf} 
Nembutal anesthesia of either 1.5 ml. of turpentine into the right pleural cavit! 
of dogs or by the introduction of 0.5 ml. of 5 per cent croton oil in olive oi) 
A cover slip was adjusted and then rimmed with a molten mixture of parafhi 
and vaseline. The cells were studied in a warm box at 37°C. In brief, it wag 
found that, in the first 10 to 15 minutes, there was no particular aggregatioy 
of leukocytes around the particles of leukotaxine. There seemed, however, ti 
be an orientation in the direction of that material which became much cleare 
within a period of from 40 minutes to one hour. This orientation is illustrate@ 
in FIGURE 2. Definite ameboid polarization towards the particles of leukotax}t 
ine was observed. Furthermore, in that interval, there was already an appre : 
ciable number of leukocytes adhering to the leukotaxine. It would be well t ! 
investigate also whether leukotaxine has properties of stickiness. The preserifp 
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Ficure 1, The effect on capillary permeability of leukotaxine obtained as an amorphous fraction by first 
sating the exudative material with ammonium sulfate at one third saturation, followed by the addition of N 
etic acid to the pseudoglobulin-albumin fraction (second scheme of extraction of leukotaxine). Leukotaxine 
isinjected intracutaneously in a rabbit and subsequently trypan blue was injected intravenously. Note the 
cumulation of the dye into the areas injected with leukotaxine indicating the extensive increase in capillary 


rmeability. 


servations, in addition to the earlier ones,‘ suggest this possibility. After 
1e to three hours, the clustering of leukocytes around the particles of leuko- 
xine becomes even more striking. On the other hand, when particles of 
sarcoal were utilized as control, there was no aggregation, collection, or sticki- 
sss of the leukocytes around this carbon material. Observations with the 
sarcoal were also extended for a period of about three hours. Sometimes 
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granules of charcoal were found, after prolonged intervals, to be phagocyte 
within the leukocytes; but at no time was aggregation of cells observed aroun 
the particles of charcoal. After many hours, at times, small clusters of leuk 
cytes were observed in the control slides; these clusters, however, were n 
spatially referable to the carbon particles. This phenomenon was interprete 
although the interpretation was not proved, as the effect of irregular conce 
tration and precipitation from the exudate of leukotaxinelike material with 
subsequent attraction of leukocytes around it. The effect, however, may 
a leukergylike phenomenon, as described by Fleck.” 

When, as control, blood serum was extracted for leukotaxine and similar 0 
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vations were carried out in vitro, no evidence of any chemotactic response 
s noted. Such material from serum was found completely inactive by uti- 
ing both in vitro and in vivo methods. 

Several experiments were also performed to test the effect of leukotaxine on 
Ss chemotactic activity of mononuclear phagocytes. Harris points out that 
» investigations have indicated that monocytes were found to react chemo- 
stically and, perhaps, even more directly, to the same stimuli as polymorpho- 
clear leukocytes.“ It therefore became of interest to investigate the in 
yo response to leukotaxine of mononuclear phagocytes. Seven distinct ex- 
riments were again conducted, utilizing two-day-old to four-day-old exuda- 
re material. Such examples were found to be at an acid pH (usually slightly 
ove 6.0) and to have about two thirds of the cell content consisting of ap- 
rently viable mononuclear cells. The in vitro chemotactic studies were car- 
d out as described above for polymorphonuclears. It was found that the 
monuclear cells seemed to react precisely in the same way as polymorpho- 
clear leukocytes. Harris had pointed out that these cells do not move as 
pidly as polymorphonuclears."* After several hours, essentially all of the 
ikocytes of the sample of acid exudate tested had gradually converged and 
dadhered, as a moderately thick layer, to the leukotaxine. This action stood 
sharp contrast to the absence of any such orientation by these cells towards 
e carbon particles. 

These observations may have definite implications if substantiated by in 
19 studies. Since the mononuclear leukocytes move less rapidly than the 
lymorphonuclear leukocytes," it is conceivable that the early location of the 
mnonuclears at the periphery of an inflamed focus may be referable in part 
the same chemotactic stimulus, namely leukotaxine. The differential rate 
respective mobility of the leukocytes involved could possibly account for the 
imary peripheral location of the mononuclear phagocytes. With the subse- 
ent development of a local acid pH,’ *° and the consequent inability of the 
lymorphonuclears to survive, a gradual replacement at the site of inflamma- 
mn by mononuclear phagocytes would ensue. 

In conclusion, the same type of observations as have been made previously, 
it more detailed, again substantiated the fact that leukotaxine is in vitro, 
r se, a chemotactic substance. This substance seems to attract both poly- 
orphonuclears and mononuclear phagocytes. The implication of these find- 
gs in regard to the spatial position of these respective cells in an inflamed area 
discussed. 

Finally, it would be desirable for Harris to supply more precise and more 
bstantiating facts in regard to his views of the absence of chemotaxis 1m vivo. 
is interpretation concerning the inability of proteolysis to occur within several 
nutes following a relatively mild degree of cellular injury also should be 
pported by stronger evidence. Since the required degree and rate of prote- 
ysis by injured cells for the production of leukotaxine are unknown, the infer- 
ces drawn by Harris seem wholly conjectural to the writer. 

Is there only one substance in inflammatory exudates capable of explaining 
e increased capillary permeability and the leukocytic migration in inflamma- 
mm? As stated previously, the recovery of leukotaxine from exudate does not 
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preclude the possibility that other biologically active substances may be presen i 
in the exudates. The contention of Moon and Tershakovec that numerous 
protein-split products are able to increase capillary permeability and induce} 
migration of leukocytes*!: * is no evidence that leukotaxine and, for that matter 
the other chemical factors, may not be the primary substances concerned in 
the reaction. The stereopatterned reaction of increased capillary permeability 
and leukocytic migration is conceivably referable primarily to cell injury by 
the irritant, whatever its nature, with the consequent liberation of leukotaxin 
from the injured cell. It is quite possible that the irritant may also contai 
leukotaxinelike material. This possibility, for instance, has been pointed ou 
in the case of Staphylococcus aureus, and it may partly account for the intenss 
tissue infiltration induced by this microorganism;* but this synergism is unes4 
sential in our understanding of the release from the injured cell of a common 
denominator, namely leukotaxine. Some degree of cellular injury is require¢ 
to obtain leukotaxine, whether obtained in an inflamed area or by mechanicag 
means.‘: 8 Minimal autolysis involves some amount of cellular injury. Thi 
fact renders the thesis of Moon and of his collaborators difficult to accept! 
namely that a chemotactic agent is found in normal tissue.** Unhemolyzee¢ 
blood serum has not yielded any appreciable quantity of leukotaxine, at leasé 
by the methods employed for its detection and extraction.!*: ?° The extent o} 
cellular injury or degradation required before leukotaxine is released is unt 
known. Quite obviously, leukotaxine must have some as-yet-unknown pre4 
cursors in the normal cell; but leukotaxine, as now obtained, requires first soma 
degree of cellular injury. 

Histamine has been shown in many earlier publications not to be leukotaxinex 
and the evidence will therefore not be reviewed here.*: * *! There is also n@ 
definite evidence that histamine liberates leukotaxine. Histamine, for instance 
does not increase cell permeability of sea-urchin ova, whereas leukotaxine in} 
creases directly the permeability to sea water of such ova by over 50 per cent.” 
The writer is informed that Rocha e Silva has recently stated that depletion o 
histamine by 48/80 has failed to decrease the inflammatory response. Witl. 
this histamine depletor, however, Miles and Miles have made observation! 
which lead them to believe that leukotaxine increases capillary permeability by 
liberating histamine.*® | 

Feldberg, also utilizing 48/80, arrives at the conclusion that histamine play; 
a role in the increased capillary permeability due to inflammation.** It would 
be of interest to determine whether 48/80 depletes histamine without injuring 
the cell and whether or not it releases leukotaxine.* Biozzi, Mené, and Ovary 
have studied the changes produced by leukotaxine and histamine on the skin 
albino rats. By the use of small doses of antihistaminic drugs, they have con! 
cluded that leukotaxine acts without the intervention of any histaminic mecht 
anism.*® . 

The writer has concerned himself of late in obtaining active leukotaxine fro 
ne by a simplified method which has recently been described (SCHEMI 
1 , 15 


* In this connection, Halpern and Benacerraf have recently pointed out that the histamine liberators indud 
erythemia, edema, itching, and vasodilation, besides other pathological changes.37 


| 
i 


— Sees 
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More recently, in still preliminary work, we have utilized the earlier observa- 
jon that leukotaxine is carried along with the precipitate obtained by treat- 
ment of the exudate at one-half saturation of ammonium sulfate (SCHEME 2).! 
Phe euglobin from an exudate at an alkaline pH is disposed of by precipitation 
with ammonium sulfate at one-third saturation. The supernatant containing 


ScHEME 1, FOR EXTRACTION OF LEUKOTAXINE 
Exudate (usually alkaline) 
Dioxan (1:1) 
Stir for 1 hour 
Centrifugalize 
Supernatant 
Acetone (1:1) 
Centrifugalize 
Supernatant evaporated to dryness in vacuo at +40° C. 
N acetic acid (half as much as original exudate) 
Refrigerated for one day 
Centrifugalize and discard if inactive amorphous ppt. 


Continue refrigerating cloudy supernatant of N acetic preparation for 
several days 


Sediment collected by centrifugalization 


Wash twice with distilled H2O by stirring and centrifugalizing 


Leukotaxine 
ScHEME 2, FOR EXTRACTION OF LEUKOTAXINE 
Exudate 
i (NED Bo; at 14"4 saturation 
Centrifuge 
Ppt. discarded Supernatant 


Dialyze until SO," free 
N acetic acid (1:1) 
On ice for several days to few weeks 


Collect precipitate at bottom of container 


Wash with distilled H:O (twice) 


Leukotaxine (amorphous) - a 
induces increased capillary permeability 
and migration of leukocytes. 
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the pseudoglobulin-albumin fraction (i.e. the alpha and beta globulins plus the 
albumin), after removal of the sulfate ions, is then treated with an equal volume 
of N acetic acid and refrigerated. After a period of from a few days to several 
weeks or even months, an amorphous material separates out, which is very 
powerful in inducing both an increase in capillary permeability and leukocytic 
migration (FIGURES 1 and 3). In this connection, it is of interest that Pash- 
kina, in the Soviet Union, has recently substantiated the original observation 
of the writer that experimental and human exudates increase capillary perme- 
ability to a dye and cause leukocytic migration.*® Pashkina states that these 
properties of exudates are connected with a globulin fraction (probably the 
beta globulins). Although leukotaxine is recovered as a diffusible factor 
from whole exudate, it has been pointed out previously that the purified frac- 
tions, probably due to their combination with the extractive chemicals or due 
to their insolubility in water, tend to be frequently indiffusible.* At present 
we are engaged in studying the chemical and physical properties of the various 
fractions of leukotaxine and in comparing them with each other. We are also 
trying to separate further, from a given sample of exudate, leukotaxine and 


the other permeability factor termed exudin. This latter factor, however, is | 


not chemotactic and tends to be more prevalent in acid exudates.” 

In a recent unpublished study utilizing paper partition chromatography, my 
associate, Doctor W. Kalnins, has found that leukotaxine obtained by the 
method referred to abovel!: ¥ yields five distinct amino acids, namely: leucine, 
valine, alpha-alanine, glutathionine, and glycine. Aspartic acid and glutamic 
acid are also present, but these two amino acids appear as a streak on the 
chromatogram and, therefore, as yet have not been readily dissociated. These 
studies add further support to the view that leukotaxine is a relatively simple 
polypeptide. 

This discussion on leukotaxine cannot very well be terminated without a few 
words about the anti-inflammatory effects of steroids on leukotaxine. As you 
recall, the extract of the whole adrenal cortex extract and cortisone or Compound 


E were first shown in 1940 and 19421: 2 to have this property.* A convenient | 


index of cellular activity can be obtained on sea-urchin ova by studying the 


incidence of cleavage in ova exposed to cortisone, hydrocortisone (Compound | 


F), or ACTH prior to their fertilization. The corticosteroids and ACTH 
were specifically found to suppress the cellular activity of these invertebrate 
ova as gauged by the incidence of cleavage.*t These findings on cellular ac- 


tivity suggested to us a study of the anti-inflammatory mechanism. The writer | 


had demonstrated that the injured cell liberates a number of chemical factors 
which reasonably explain the biological manifestations of inflammation.1® One 


* In a recent paper, Moon and Tershakovec have essentially confirmed the original studies of the writer.2! 2 | 


These investigators, however, have somewhat misquoted the writer in stating that ‘““Menki 

cortisone acetate alone, injected intradermally induced a rapid and constant iacrense in coplllany ree hem 
as shown by the trypan blue test.”’39 The actual observations reported by Menkin on p. 299 were stated as 
follows: “Commercial cortisone acetate suspension (Compound E) of the adrenal cortex induces a rapid increase 
in capillary permeability. . . . The increased capillary permeability induced does not seem to be referable to 
cortisone but rather to the vehicle in which cortisone acetate is suspended. Cortisone powder fails to increase 
capillary permeability.’’4° These facts throw an entirely different light on the quotation of Moon and Tershako- 
vec and on the interpretation they seem to give. The writer, ever since his original study of 1942,22 has shown 


that cortisone (Compound E) per se decreases capilla ermeability when first i i i 
or by an alkaline exudate.2” 23 piAty. Dp y when first increased by either leukotaxine 
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Ficure 3. The effect of the leukotaxine fraction, injected into the cutaneous areas of ricurRE 1, on the di- 
apedesis of leukocytes 1 hour and 10 minutes following the intracutaneous inoculation of that leukotaxine frac 
tion (second scheme of extraction of leukotaxine employed). X255. 
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of these factors is leukotaxine. Would the injured cell in an inflamed area, 
when exposed to an anti-inflammatory steroid, be likewise suppressed in its 
activity so that it becomes unable to form some or all of these chemical factors? 
Repeated injections of 10 to 20 mgm. of Compound F into an acutely inflamed 
pleural cavity in the dog represses the formation of any active leukotaxine, both 
in regard to its property of increasing capillary permeability (cf. Figure 9, p. 
140, of Menkin"*) and of inducing the diapedesis of polymorphonuclear leuko- 
cytes (FIGURES 5, 6).4? The same repressive tendency was found to occur 
with some of the other factors; also in some preliminary experiments with the 
repeated local administration in the inflamed area of cortisone and ACTH. 
These latter studies are being pursued further. It thus seems as if the anti- 
inflammatory mechanism of corticosteroids is primarily at a cellular level and 
is referable to a suppression of the very chemical factors concerned in inflamma- | 
tion, such as for instance, leukotaxine.” The exact mechanism of this suppres- | 
sion of cellular activity is unknown. In this connection, it is conceivable that | 


a 
@v 


-ALANINE 


Qe g 


fee 
gh LeUKOTAXINE. 


N. deetie tnethod . 


PHENOL.SOLY. 


GLUTATHIONINE 


COLLI). SOLY 
Ficure 4, Chromatogram of leukotaxine (isolated by N acetic acid method, cf. SCHEME 1). 


= 


_ Ficure 5. Effect on the skin of a rabbit of leukot 
leukocytes about one hour subsequent to the injection of the subst: 
nine exudate. The dog had received an injection of turpentine in 


successive daily injections of saline, each3cc. 400. 
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axine in inducing margination of polymorphonuclear 


ance extracted, in turn, from a sample of ca- 
to the right pleural cavity followed by two 
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it, “ eS 


Ficure 6. Effect on the potency of leukotaxine in inducin 
ound F (hydrocortisone) into the inflamed pleural cavity of a 
jected. Following the two injections of the corticosteroid, the 


zs x Ee 5 i 
g diapedesis, after two daily injections of Com- 
dog. A total of 40 mgm. of the steroid was in- 
extracted leukotaxine was incapable of inducing 


in a rabbit any diapedesis (cf. effect with that in control as shown in FIGURE 3). 410. 
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he basic work of Clark,** who recently showed that cortisone interferes with 
rotein synthesis, may prove significant in our further understanding of the 
nechanism involved in peptide formation by the injured cell.* 


2. The Cytological Picture in Inflammation 


The polymorphonuclear leukocytes are usually the initial cells at the begin- 
ling of a developing inflammatory reaction. These cells are followed by the 
nononuclear phagocytes (macrophages). This cytological sequence was first 
yointed out by Borrel in 1893. This sequential order seems referable to the 
leveloping acidosis in the acutely inflamed area.”*:4 The local acidosis which 
levelops in an inflamed area was stressed particularly by Schade.** The in- 
bility of polymorphonuclear leukocytes to survive when the hydrogen ion 
concentration is high was shown by the writer to occur both in vivo and in 
itro2%» 7 The local acidosis was found referable to a glycolytic process, so 
hat a true lactic acidosis develops with the progress of the acute inflammation.*° 
in brief, the pH conditions the cytological sequence, which, in turn, is influ- 
snced by changes in the intermediary carbohydrate metabolism. The lympho- 
-ytes appear to be unaffected by the developing local acidosis. When the pH 
-eaches a level below 6.0 or 5.5, many of the leukocytes, including the macro- 
yhages, are to a large extent incapable of survival, and frank pus results. Pus 
‘ormation, therefore, in acute inflammation seems to be a function of the hydro- 
yen ion concentration. Ina “cold” abscess, as in tuberculosis or in a long stand- 
ng inflammation, the pH of the exudate tends to be alkaline in nature.*? In 
sonclusion, it is important to keep in mind that the acute inflammatory process 
s a dynamic phenomenon which, at its initial stage, is locally at an alkaline 
DH, to be subsequently followed by an acid pH. As we shall see, some sig- 
nificant changes occur in the inflamed area with this progressive development. 

Harris, in a recent review," casually dismisses the relation of the pH to the 
cytology in an acute inflammation in a somewhat unwarranted manner, as 
follows: “‘On the present evidence it seems fair to say that no connection be- 
tween the pH and the cytology of inflammatory exudates has been established.” 
This author, in his discussion, entirely ignores the confirmatory works of Rugi- 


sro and Tanturi® and of Bennett,!? even though these investigators are cited 
mn the writer’s monograph,!* to which Harris refers in his review. Furthermore, 
Harris takes no cognizance of all the additional studies of the writer on carbo- 
hydrate metabolism,” in which it was definitely shown that the pH changes are, 
in turn, referable to a disturbance in glycolysis and that, with the development 
ofa true lactic acid acidosis, the polymorphonuclears are incapable of survival. 
This author also fails to consider the im vitro studies with various pH buffers 
1 which the writer showed the direct noxious effects on leukocytes of an acid 
pH.” Menkin had also pointed out that, in the rabbit infected with tubercle 
bacilli, the elevated lactic acid content in the tubercle reasonably accounts for 
the prevalence of mononuclear cells (Menkin,! p. 85). In regard to Harris’s 


* Wyman and his collaborators have recently expressed the view that the vasoconstriction induced by cor- 


i i ism inv lex phenomenon 
e may be largely the anti-inflammatory mechanism inv olved.*4 Inflammation is a comple 1 
tailing Boraeni Ney changes, diapedesis, leukocytosis or leukopenia, fever, severe cellular injury, etc. 


Joubtful whether the single important factor of vasoconstriction can adequately explain the whole mechanism 
caused by inflammatory corticosteroids. 
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comments concerning the studies of Steinberg and Dietz,” it should be remem- 
bered that these investigators used a wholly different method from the one 
employed by the writer. These workers failed to correlate the cytology and 
the pH on identical samples of exudative material. This fact had been pointed 
out by Menkin in a critical survey of the study (Menkin,”” footnote, pp. 116 
and 117). This reply is not even considered by Harris. Finally, in regard to 
Lurie’s work, no mention is made by Harris of the following comments and 
observations made by Menkin and Warner in 1937:5° “The observations re- 
ported here and in a preceding communication have all been made on dogs. 
They have consistently revealed the fact that the pH seems to condition the : 
cytological picture in inflammation. However, in some unpublished observa- » 
tions on the exudates of rabbits the correlation obtained between the cytological | 
picture and the pH of the exudate was not as consistent as observed in dogs. | 
Similar findings have recently been noted by Lurie.*!.... It is interesting, | 
in this connection, that, in a review of intracellular digestion, Opie™.. . . cites 
the studies of various investigators who have either failed or found considerable _ 
difficulty in demonstrating proteolytic enzymes (readily demonstrable in dogs) 
in the leukocytes of rabbits” (Menkin and Warner,*° footnote, p. 28). Lurie, | 
at first, was able to observe the same cytological sequence correlated with the | 
pH in guinea pigs that the writer had found in dogs.** In a later study on} 
rabbits and guinea pigs, Lurie could not demonstrate a constant correlation, al- } 
though the guinea pig seemed to show a slightly better correlation.** It is quite } 
evident from the observations of Lurie and of Menkin and Warner* that the } 
rabbit leukocytes do not respond to pH changes in an acutely inflamed area as . 
they do in the dog. The possible reduction or absence of certain enzymes in the : 
rabbit leukocytes may perhaps account for the difference in behavior. Never- 
theless, as pointed out above, it seems that, in the rabbit, the changes in inter- » 
mediary carbohydrate metabolism at the site of inflammation, with the cor- | 
responding production of lactic acid, may perhaps be adequately correlated | 
with the cytological picture. As mentioned, this seems to be the case in tu- | 
berculous lesions of rabbits (Menkin,* p. 85). Finally, Harris has misunder- | 
stood the studies of the writer?’ 47: 8° by stating that “Menkin modified his ; 
position” (Harris,"* p. 553) by inferring that the writer had ever conceived | 
that the pH in an acutely inflamed area had to do with anything but a correla- | 
tion of the actual local cytological picture. The cellular constituents in the ; 
inflamed area had originally been described in 1934, as is often done in pathol- | 
ogy, 7.e. as an infiltration;?® but this description never referred to the actual | 
mobilization of cells into the area of inflammation. In order to obviate this | 
possible misinterpretation, the writer has subsequently and categorically stated | 
that it is a question of survival of leukocytes at different pH levels and not one | 
of mobilization (see footnote, p. 25, Menkin!*), As stated above, however, 
it appears that leukotaxine may perhaps also be concerned in the mobilization 
of mononuclear phagocytes at the site of inflammation. | 
Do mononuclear cells in inflammation arise in situ, as many have believed? | 
The writer has expressed the view that, in his experience, mononuclear cells are » 
seen to migrate, but rather infrequently, through the capillary wall. Maxi-' 
mow and Bloom, on the other hand, believe that the mononuclear cells in in-| 
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lamed tissue migrate to a large extent from the blood.» Recently Cooke, 
soldring, and Kahn seem to have thrown further light on this controversial 
noint.°* These investigators first injured the skin of a rabbit, and then killed 
che animal and incubated the excised skin. These samples of tissue were 
removed from the body and, in spite of having no control from the central 
nervous system and no circulation, they displayed perivascular infiltration. 
The changes resembled those of a chronic inflammation. These changes de- 
veloped within a few hours. It appears that the perivascular infiltration arises 
from in situ changes of adventitial macrophages. 


3. The Factors Which Determine the Leukocyte Level in the Circulation 
with a Concomitant Acute Inflammation 


I should like now to discuss, as briefly as possible, the effect of an acute in- 
flammatory reaction on the systemic white blood cell level. When an acute 
inflammation is induced in the pleural cavity of a dog with a chemical irritant, 
it is difficult to predict, as a consequence, the outcome on the number of leuko- 
cytes in the circulation.*” Some data bearing on this question have been as- 
sembled in TABLE 1. It is clear that an inflammation of one to four days’ 
duration, and with its exudate at an alkaline, neutral, or acid pH, reflects in 
the blood stream either a leukocytosis, a leukopenia, or no appreciable change 
in the white blood cell count. Let us examine the possible mechanisms involved 
in this unpredictable hematological picture. 

- (1) What are the factors which induce a leukocytosis concomitant with an 
acute inflammation? ‘There are at least two factors to be discussed: 

(a) When an acute pleural inflammation develops a leukocytosis, the whole 
or cell-free exudate from such an inflamed area, injected in turn intravascularly 
into a normal dog, will tend to induce a state of leukocytosis.*® Neither leuko- 
taxine nor blood serum is capable of producing any such effect. There is evi- 
dently present in inflammatory exudates (particularly exudates at an alkaline 
pH) a leukocytosis-promoting factor (abbreviated as LPF).°* Without going 
too much into the details, which have already been Published.) P72? this 


TABLE 1 


THE PRESENCE OF AN EXUDATE AT VARYING HypROGEN ION CONCENTRATIONS AND THE 
NuMBER OF CIRCULATING LEUKOCYTES 


eerste ear phe ae 
Dog No. tion of inflammation eae hee pH of exudate tiomar different pi 
days tion per cu. mm. per cu. mm. 

110-T 1 9,350 7.0 21,400 
120-T 1 12,850 lees 21,900 
121-T 3 27,050 ila 26, 200 
132-T* 3 14,500 7.6 27,600 
1242/0 4 27,050 6.95 10, 500 
110-T 2 9,350 6.5 32,250 
87-T 4 11,100 6.7 9,050 
130-T 4 7,800 6.87 55,150 


Bex Five per cent croton oil in olive oil used as an irritant; in all others, turpentine was utilized (data taken 
from two tables in Menkin, V. 1949; ‘‘Blood,” J. Hematol., 4: 1323). 
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factor is thermolabile, and electrophoretic studies have revealed it to be dis- 
tributed between the alpha; and alpha globulins.*' Subsequent studies on 
aged and apparently inactive LPF have demonstrated that spontaneous de- 
naturation, occurring probably by aging the material, has split the active 
principle from the rest of the molecule.” The leukocytosis-promoting factor 
has now become not only an inactive substance, but also a very insoluble sub- 
stance. Suspending it in an aqueous medium and centrifuging reveals that the 


original potency can be regained, but only in the supernatant phase. This — 


supernatant fraction is thermostable and appears to be a polypeptide, judging 
from studies on the amino nitrogen before and after hydrolysis, and from unpub- 
lished chromatographic investigations recently undertaken by my associate, 
Doctor W. Kalnins.* Our present view of the leukocytosis-promoting factor 
(LPF) is of a thermolabile alpha globulin, which upon denaturation induced by 
standing several months in a dessicator, dissociates. As a consequence, the 
LPF liberates the active principle in the form of a heat stable polypeptide. I 
shall return presently to the remaining part of the molecule following its dis- 
sociation by apparent denaturation. The LPF offers various possibilities of 


clinical application, such as perhaps reinforcing antibiotics,® for it was pointed _ 


out, a number of years ago, that the prognosis of many inflammatory processes _ 
depends on the number of circulating leukocytes.* Recently Storer, Sanders, | 


and Lushbaugh tried the LPF in X-ray-irradiated mice. They found little . 
significant protection, even though the number of circulating leukocytes was | 
definitely increased after administration of the LPF. Scrutiny of their data 


reveals some protection with the lower doses of X ray utilized (450 r.). It is, 
however, to be recalled that survival, like resistance, is probably the resultant 
of several factors. It may well be that X-ray irradiation not only affects the 
hematopoietic tissue, but that, also, there may be released some nec- 
rosin,®®: ®” besides some other unknown factors (e.g. splenic factor of Jacobsen). 

Canine LPF derived from inflammatory exudates is also active in human 
beings.* 7° Recently, we have also shown that a saline extract of severely 
injured dog liver, spleen, kidney, or muscle tissue yields, upon extraction by 


similar methods as utilized for the LPF of exudates,!* a potent fraction of LPF | 


(TABLE 2). Saline per se is ineffective on the number of circulating leukocytes; 
whereas the LPF of these tissue extracts appreciably enhances the white blood 


cell level. Precisely as in the case of leukotaxine," cellular injury seems to be | 


the only requisite for the formation of an active LPF. Lyophilization tends to 
inactivate this tissue LPF, except perhaps in the case of the splenic LPF (TaBLE 
2). This finding is in contrast to the findings with the LPF of inflammatory 
exudates. 


Another important attribute of the LPF from the exudates is its hyperplastic 


effect on the bone marrow.” Relatively few to about 100 mgm. of the material _ 
will cause not only a discharge of immature polymorphonuclear leukocytes into _ 


the blood stream'®:” but also, within two days or so, a marked growth effect 
in the marrow, specifically affecting the granulocytes and, to some extent, the 
megakaryocytes.” 


* Paper partition chromatography reveals at least 12 distinct amin 
promoting material. These amino acids are lysine, proline, valine, m 
threonine, glycine, serine, glutamic acid, and aspartic acid. 


o acids present in this active leukocytosis- 
ethionine, leucine, alpha alanine, tyrosine, 
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| DABLE 2 


Errecrt OF LEUKOCYTOsIS-PROMOTING Factor (LPF) From DirrERENT TISSUES ON THE 
: NumBer or CrrcuLatinG WHITE CELLS 


x . Per cent increase in 
og Tissue Dose cc. or mgm. WES ee injection of 
cu. mm. 
g ON Liver igh Trelee Sheth 
246-T it See ce 134.3 
ae st, Se cc 170.8t 
319-T B! Se ace 149.0 
32525 Ger ec 20.4 
326-T yy 50 mgm 213 
309-T NY 75-85 mgm QTd" 
171-T Spleen IS. Ae 58.4 
249-T 22 Swercc 63.2 
347-2 Me DO MECC 82.4 
325-1 vd 40) @e yh) 
326-T ay 60 mzm 50.0* 
244-T ee @ We AUX ite 
234-T ? 3 We Ap a" 
309-T Kidney tO cc 76.6 
320-T we 18'S ce. 71.6 
303-T a 1S Sice; SOM 
329-T i Sb ee 67.8 
” ” i, Cc. 58.2 
309-T 2? 50 mgm. 10.0* 
29 us Siac. 362055 
plo E Muscle Os ‘ccs (PPD 
? lye * ee 37.8 
314-T 1 12> ce: 164.3 
320-T ” 8 51cC 96.0 
314-T my ATCC S2u3) 


* Lyophilized material. ; 
+ Level of WBC 29 hours after administration of LPF. 


Finally, observations were also made on the production of an active LPF, 
following repeated injections into an area of acute pleural inflammation of 
hydrocortisone (Compound F, 10 to 20 mgm. per injection). Here again, as 
‘in the case of leukotaxine, the activity of the injured cell appears to be appre- 
ciably suppressed.” #*» b>  The LPF recovered from the corticosteroid-treated 
inflamed area is about half as active as that recovered from the control inflamed 
pleural cavity (TABLE 3; FIGURE 7). The data indicate also an effect on the 
bone marrow, for the discharge of immature leukocytes into the circulation after 
repeated injections of Compound F into the inflamed area is definitely re- 
duced (TABLE 4). 
~ Compound F does not interact directly with the LPF and thus suppress the 
activity of this substance. Three experiments were made in which hydrocor- 
tisone, in concentrations ranging from 15 to 21 mgm., was mixed in vitro and 
allowed to stand for 18 to 19 minutes with the leukocytosis-promoting factor. 
‘The LPF treated in this way induced an average increase of 130.1 per cent in 
the number of circulating leukocytes, in comparison with an average rise of 
111.4 per cent in two control-dog experiments injected with the LPF alone. 
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TABLE 3 


EFFrEcT OF LEUKOCYTOSIS-PROMOTING Facror (LPF) or Exupates FOLLOWING INJECTION 
or Compounp F (FREE ALCOHOL) INTO AN INFLAMED AREAT 


Total amt. Basal white | Highest white % rise in 
. Amt. of i . | white blood 

Exp. No. rect ae LPF LPF cane Bees as blood ee bles cele w ie 00 
+ - 30 41.9 10500 19850 89.0 
; C ar 30 —_ 7225 18650 158.1 
8-D 20 20 8225 12450 51.4 
; C He +18 — 8700 15450 77.6 
171-1 20 20 14125 18450 30.6 
: 6 i 20 fad 11900 19300 62.2 
4 Et 249-T pA 40 13325 20750 Sela! 

5 Bit 264-T 20 40 7500 11100 48 

6E 267-T 25 24 11875 15650 Sil tot 
c a +23 — 15825 28200 78.2 
7H xX 30 34.2 9550 14350 50.3 
8 E 282-T 24 11 13475 18100 34.3 
c 22 +23 —_— 13500 25400 88.1 
J hig Did Diaper Ae ME are oe eat clo airs seaiic Sahel peri Se S'S e o.08h-42 48.9 
CEP DB ed Sexes tle See ort te ace os ee es Ss Cicer a eee 92.8 


*E = experimental; C = Control. — : : : 

+ Commercial hydrocortone utilized in these experiments; in all other experiments Compound F (free alcohol) 
employed. > ; : Pak ; 

t The inflammatory reaction was induced by the intrapleural injection of 1 to 2 cc. of turpentine. 


This evidence supports further the view that hydrocortisone seems to reduce | 
the effectiveness of the leukocytosis-promoting factor, when repeatedly injected 
directly into an inflamed area, by suppressing the activity of the injured cell, 
rather than by interacting with any preformed LPF at the site of inflammation. | 

This distinction has not been as clearly demonstrated with leukotaxine. Cor- | 
tisone had also been shown to act directly on leukotaxine when the steroid was | 
either mixed im vitro” or injected intravenously.” Under such circumstances, | 
it was shown that cortisone, after repeated injections, penetrates into an | 
inflamed focus and, once there, seems to repress leukotaxine activity.“ It is | 
conceivable that cortisone suppresses both leukotaxine per se and its formation | 
by injured cells at the site of inflammation. Nevertheless, in view of the | 
cellular-suppressing activity of Compound F on Arbacia ova, described above," 
and the inability of this corticosteroid to suppress the LPF when mixed in vitro, | 
it is the belief of the writer that the primary anti-inflammatory mechanism | 
is at a cellular level and is referable to a suppression of the activity of injured | 
cells. 

(b) Another factor which promotes leukocytosis, present in acid inflamma- _ 
tory exudates, is the thermostable leukocytosis factor.57:7> It will be recalled 
that the LPF was primarily found in alkaline exudates at the beginning of the 
inflammatory reaction, and that it was associated with the alpha globulins. 
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[The thermostable factor, on the other hand, is associated with the euglobulin 
raction of acid exudates in the later stages of inflammation.*” It is closely 
yound to pyrexin, the pyrogenic factor of exudates. This thermostable 
eukocytosis factor can be dissociated from pyrexin and can actually be crystal- 
ized.” For its dissociation from pyrexin and its crystallization, see SCHEME 3, 

The crystals appear, in the gross, as needlelike spicules and, microscopically, 
they present themselves as irregularly-shaped, doubly refractile crystals. The 
crystals induce a rise of over 70 per cent in the number of circulating leuko- 
cytes.2> The leukocytosis is in part referable to a discharge into the circulation 
of immature or 1-lobe form of granulocytes.” The effect of the factor on the 
bone marrow is at present under study. Preliminary study indicates that there 
is some degree of hyperplasia and mitotic activity in the marrow. In contrast 
to the thermolabile LPF, the crystals of the thermostable factor induce no 
change in the amino nitrogen when compared before and after hydrolysis.” 
This fact would suggest that the material is not polypeptide in character. The 
total nitrogen of the crystals is 2.1 per cent in comparison with a content of 
12.3 per cent nitrogen in the thermolabile LPF. 

In brief, the two described factors promoting leukocytosis: 7.e., the thermo- 
labile LPF of alkaline exudates and the thermostable leukocytosis factor of 
acid exudates reasonably explain the developing systemic leukocytosis through- 
out the duration of the acute inflammatory reaction from its initial alkalinity 
to its acid stage. 

_ (2) What factors are involved in the development of leukopenia with a con- 
comitant acute inflammation? At least two factors are involved: 


LPF from Cpd.F treated 
dog. 


*\ LPF from Control dog. 


LEUKOCYTES: thousands per cubic millimeter 


TIME: hours following injection of Pr 

ting factor (LPF) of exudate by direct injections of 
The amount of LPF tested in this experiment was recovered from 8 cc. of 

pound F-treated dog or from the control sample of exudative material. 

The writer wishes to express his appreciation to Irene Goldman for drawing this graph. 


Ficure 7. Partial inactivation of the leukocy tosis-promo 
Compound F into the inflamed area. 
exudate derived either from the Com 
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Errect or Compounp F (Free Atconor) I 
or IMMATURE POLYMORPHONUCLEAR LE 
BLoop FoLtLowiINnG INJECTION OF THE 


TABLE 4 
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RECOVERED IN TURN FROM ExupATIVE MATERIAL} 


if 


NJECTIONS INTO INFLAMED AREA ON DISCHARGE 
uKocyTEs (1-LoBE Form) IN CIRCULATING 
LEUKOCYTOSIS-PROMOTING Factor (LPF) 


| Experimental Control 
Highest No. Highest No. of 
of 1-lobe form | Amount of 1-lobe form in 
Exp. No Amount of Com- | Basal No. of | in circulation saline in- Basal No. circulation 
Be * | pound F injected | 1-lobe form following jected into of 1-lobe _ following 
into inflamed in blood injection of inflamed form in injection of 
pleural cavity stream either 15 cc. or pleural blood stream} either 15 cc. or 
about 20 cc. of cavity about 20 cc. 
LP. of 
mgm. % % cc: % % 
1 20 18 34 8 10 40 ) 
2 24 34 40 4 38 70 | 
3* 22.2 24 34 6.4 24 52 
4 11 10 28 3 8 58 
St 20 24 32 8 12 52 
{ 
BAN Goyes 3 19.4 mgm. 22% 33.6% 5.9’ ce: 18.4% 54.4% | 


= ees 5 cc. of whole exudate inj. into circulation of tested dog instead of extracted LPF from exudative _ 
material. 

; LPF extracted in this experiment from 15 cc. of exudate; in other experiments the LPF was recovered from | 
about 20 cc. of exudative material. 

t Inflammation induced by 1 to 2 cc. of turpentine into the right pleural cavity. 


(a) The injection of an alkaline exudate is frequently accompanied by an 
initial decrease in the total number of circulating white cells. This decrease 
seems to be referable to a thermolabile factor.”* Boiling the exudate obliterates | 
to some extent the initial drop in the white blood cell level. As previously | 
described, the thermolabile LPF, upon aging, denatures and dissociates into an | 
active supernatant fraction and a relatively insoluble precipitate.” This latter 
part of the denatured complex is thermolabile and has the property of decreas- 
ing the number of circulating leukocytes. This factor has been termed leuko- 
penin, and is probably the same factor encountered in alkaline exudates.7® | 
Leukopenin is associated with the globulin fraction of alkaline exudates. 

(b) An acid exudate likewise induces an initial leukopenia when injected | 
into the circulating blood of a dog.” This effect can also be duplicated by crude | 
pyrexin, the pyrogenic factor recovered in the euglobulin fraction of acid exu- 
dates.” Boiling fails to inactivate the effect, indicating that one is dealing in 
acid exudates with a factor different from the leukopenin of alkaline exudate. | 

This leukopenic factor can be dissociated from crude pyrexin by partial 
hydrolysis of the latter with 0.1 N HCl for about 15 minutes, adjusting to 
about pH 10 with N NaOH, concentrating and dialyzing off the electrolytes 
and other diffusible material. Upon evaporation to dryness or lyophilization 
an active leukopenic factor is obtained which has only leukopenic properties 
with essentially no pyrogenic capacity.” The mechanism of leukopenia in- | 
duced by the leukopenic factor appears to be referable to a trapping of granulo- | 
cytes and mononuclears in the alveolar walls of the lung, the sinusoids of the | 
liver, and-in the spleen.” It is conceivable that the acute splenic tumor ac- 
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a 
SCHEME 3, FOR DISSOCIATION OF THE THERMOSTABLE LEUKOCYTOSIS FACTOR FROM PYREXIN 
AND Its CRYSTALLIZATION 


Aliquot sample 20 mgm. pyrexin 

20 ml. distilled water 

20 ml. saturated (NH4)2SO4 

Dialysis until SO." free (about 24 hours) 

Thorough centrifugalization 

Supernatant + distilled water (1:1) 

Ae 10 ml. refluxed (17 to 20 hours) in sealed tubes 


+ 


Cool 


Crystals of thermostable leukocytosis factor frequently obtained 


companying many inflammatory processes is caused by a trapping mechanism 
referable in turn to a cumulative action of the leukopenic factor that is liberated 
from the site of inflammation. 

Wintrobe and his collaborators have essentially confirmed the presence of the 
leukopenic factor in an inflamed area.” These investigators have used a dif- 
ferent method of extraction from that originally described by the writer. 
Their studies were made on the rat. They utilized a saline extract of an abscess 
as the source of their leukopenic factor. Wintrobe and his associates have 
also reported a depression of both circulating polymorphonuclear leukocytes 
and mononuclears. Their factor is also thermostable and nondialyzable. 
There is but little doubt that the leukopenic factor described by the writer is 
similar to the one reported by Wintrobe and his collaborators.”° 

Steinberg and Martin, by the injection of milk into rabbits, report that the 
initial leukopenia is referable to vascular stasis and the adhesion of granulo- 
cytes to the vascular endothelium.” Subsequently, there is an actual trapping 
or, as these authors term it, a sequestration of leukocytes in the spleen, liver, 
and lung. By observing granulocytic disintegration in tissues and blood, these 
authors arrive at the concept pointed out and first proved by the writer that 
cellular injury, as displayed in inflammation, liberates various chemical factors, 
some of which are significant in explaining leukopenia when it is one of the 
biological manifestations of inflammation.”: 1 1 

In brief, we have described four factors involved in regulating the white 
blood cell level accompanying an acute inflammation. ‘Two of these factors 
tend to elevate the number of circulating white cells; to wit, the thermolabile 
leukocytosis-promoting factor and the thermostable leukocytosis factor. Two 
other factors have an opposite effect. They tend to depress the level of circu- 
lating leukocytes. They are the thermolabile leukopenin of alkaline exudates 
and the thermostable leukopenic factor of acid exudates. The more exact 
chemical identification and properties of these four factors await further studies. 
The significant concept which I should like to leave with you, however, is the 
following: we have seen that the white blood cell level in a dog, accompanying 
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an acute pleural inflammation caused by a chemical irritant, varies (TABLE 1), 
and that the final level is quite unpredictable. It seems that the final white 
blood cell level is a resultant of the four aforementioned factors. The predomi- 
nance of the leukocytosis factors is accompanied by a leukocytosis. On the 
contrary, a preeminence in the concentration of the leukopenic factors is fol- 
lowed by a leukopenia.*’ A balance of these opposing tendencies results in no 
appreciable change in the number of circulating leukocytes with a concomitant 
acute inflammation.* 

Finally, before terminating this survey, I should like to point out that, as 
already described, an acute inflammatory reaction proceeds from an alkalinity 
to an acidity. Despite these local changes in reaction, a state of systemic 
homeostasis tends to be maintained throughout the duration of an acute in- 
flammation. At the alkaline stage, the leukocytosis is referable to the leuko- - 
cytosis-promoting factor (LPF); whereas, in the acid stage of inflammation, the | 
leukocytosis is determined by the thermostable leukocytosis factor. LLeukopenia | 
with inflammation is referable, in the initial alkaline stage, to the thermolabile » 
leuko penin; whereas, in the acid stage, the systemic leukopenia is ascribed to } 
the liberation by the injured cells of a lewkopenic factor. It is by these delicate } 
regulating chemical mechanisms at the dynamic site of an acute inflammation | 
that a systemic homeostasis in the organism as a whole is maintained through- | 
out the duration of inflammation.”* ® 


Summary and Conclusions 


This presentation involves a consideration of several distinct problems: 

(1) The present status of leukotaxine and the significance of this substance 
in explaining the migration of polymorphonuclear leukocytes and possibly the | 
mobilization of mononuclear phagocytes in an acute inflammation are con- 
sidered. Observations based on recent chromatographic studies reaffirm the 
view that leukotaxine appears to be a polypeptide. Enzymatic studies on the. 
digest of proteins point to the formation of intermediary protein breakdown | 
products which are peptides. These peptides induce increased capillary per- | 
meability and diapedesis of leukocytes. These two properties have been dis- 
sociated by Spector in the digest of fibrin. Dissociation of these two properties 
of leukotaxine, however, have failed to be effected in the peptides of inflam- | 
matory exudates. Consequently, leukotaxine is considered, at present at 


least, to be a single entity. New and convenient methods of isolating leuko- 
taxine are described. 


* Moon and Tershakovec recently reported that extensive injuries in the rabbit cause sharp increases in the 
number of circulating leukocytes.3? Aqueous extracts of tissues induced moderate to severe leukocytosis. They | 
found that this was usually preceded by varying periods of leukopenia. No attempt was made by these workers 
to isolate the two factors that cause leukocytosis (LPF and the thermostable factor) and the two factors that in- 
duce leukopenia (leukopenin and the leukopenic factor). The fact that products of protein digestion tended to 
produce a similar picture is not fully surprising. As has been pointed out above and previously, these products 
may perhaps contain, in some cases, only the chemical factors recovered from exudates.16 This inference, how- 
ever, is not at all essential, for it is more plausible to envisage these protein products of digestion acting as 
inflammatory irritants which, in turn, liberate the various chemical factors from the now injured cells. The 
recovery of these factors from the aqueous extracts of tissue would support the view just expressed by the writer. | 
Menkin has found this to be the case by succeeding in recovering leukotaxinelike material from the saline extract | 
of muscle tissue.!’_ In a preceding section of the present manuscript similar observations are reported with the 
LPF recovered from tissue extracts (TABLE 2). | 

The varying results of Moon and Tershakovec?? may well be referable to the different respective concentra- | 
tions in their extracts of the leukocytic and leukopenic factors described above. 
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2) The significance of the developing acidosis in an acute inflammation in 
ditioning the cytological picture is considered. The changes in the hydro- 
. ion concentration of the exudate are, in turn, referable to a disturbance in 
local intermediary carbohydrate metabolism. The mechanism of pus for- 
tion in an acute inflammation is pointed out. The pH mechanism involves 
y survival of leukocytes in the sequence of polymorphonuclear cells as they 
replaced by macrophages in the progress of the developing inflammatory 
ction. 

3) The unpredictable picture of the white blood cell level with a concomi- 
t acute inflammation is pointed out. The significance of various local fac- 
s liberated by the injured cell at the site of inflammation is considered. It is 
ywn that leukocytosis is referable to at least two factors: (a) the thermolabile 
kocytosis-promoting factor (LPF) of alkaline exudate; and (b) the thermo- 
ble leukocytosis factor of acid exudate. Leukopenia is shown to be due also 
at least two factors: (a) leukopenin found in an alkaline exudate; and (b) 
» leukopenic factor of acid exudate. The ultimate hematological picture 
ms to be a resultant of these four factors. A predominance of the leuko- 
tosis factors results in an elevation in the number of circulating leukocytes. 
pre-eminence of the leukopenic factors induces a depression in the level of 
ite blood cells; while a balancing effect of all the factors may produce no 
preciable change. 

(4) The developing acidosis in a progressive acute inflammation with the 
responding production of different chemical factors, but with similar bio- 
ical properties, at varying local hydrogen ion concentration induces no 
ange in homeostasis, as far as the organism as a whole is concerned. 

(5) The anti-inflammatory mechanism by hydrocortisone (Compound F) is 
nsidered, Leukotaxine and the leukocytosis-promoting factor are shown to 
either inactivated or markedly reduced in potency, following repeated injec- 
ns of this corticosteroid into the inflamed area. Earlier observations on 
hacia ova have indicated that the anti-inflammatory steroids suppress cell 
tivity. These and the present observations, as well as the inability of hydro- 
rtisone to affect the potency of the LPF when mixed in vitro, lead to the view 
at the primary anti-inflammatory mechanism is at a cellular level. By 
ppressing cellular activity, the chemical factors liberated by the injured cell, 
rich per se are responsible for the actual manifestation of inflammation, seem 


be repressed in their formation. 
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CYTOLOGIC ASPECTS OF IMMUNOHEMATOLOGY: A STUDY WIT] 
PHASE CONTRAST CINEPHOTOMICROGRAPHY 


By Marcel C. Bessis 


Cenire National de Transfusion Sanguine, Paris, France 


Phase-contrast microscopy has led to progress of fundamental importand 
because it has made possible the study of the finest structures of living cell 
Chromatin, mitrochondria, the centrosome, and specific granulations ar 
clearly visualized by this method, often more distinctly than in stained pre 
parations. 

The value of phase-contrast microscopy can be still further enhanced whe 
this technique is used in conjunction with cinephotomicrography. As a ruli 
cellular movements are extremely slow when compared to the type of motioj 
we are accustomed to see on the human scale. Indeed, many cellular move 
ments are so slow that even a trained observer cannot perceive them. Wit! 
cinephotomicrography, it is possible to speed up motion by factors in the rangy 
of 30 to 6,000 times. In many cases, this procedure has allowed the observa 
tion of cell behavior modifications which had been unnoticed in the course 4 
direct observation. These studies, however, despite their fundamental nature 
have suffered from a lack of sharply visualized intracellular organelles. Theg 
limitations have now been obviated by utilizing the phase microscope, aa 
instrument that has proved itself perfectly suited to the study of cellulai 
dynamics. With this instrument, cinematography now allows a very precis 
analysis of all cellular and intracellular movements in various media, or follow 
ing various morphologic alterations of the smallest organelles.! 

This paper covers observations made using such techniques on the effect 
of antierythrocyte, antileukocyte, and antiplatelet sera derived from humag 
or animal sources. 


I. Materials and Methods 


Source of sera. Experimental sera were obtained from rabbit blood followin 
immunization against erythrocytes, leukocytes, and platelets from normal 
leukemic human blood. Rabbits were injected every three days with 1 ce 
of washed cells suspension. After six or eight injections, a serum is obtaineé 
with an agglutinating titer often reaching 1000 for erythrocytes, 128 for leukct 
cytes, and 64 for platelets. These sera all contain a mixture of antileukocyté 
erythrocyte, and platelet agglutinins. Nevertheless, they can be utilizet 
im vitro without any further manipulations. They can also be used, and y 
have done this frequently, after adsorption of the undesired agglutinins 
following elution of pure specific antibodies (Bessis and Breton-Gorius) .? 

Pathologic sera were obtained from patients with various dyscrasias such ad 
Hodgkin’s disease, lymphoid leukemia,’ thrombocytopenic purpura, luput 
erythematosus, etc. | 

Separation of platelets and leukocytes. Blood is drawn on heparin or citrati 
and is allowed to sediment of its own accord in inclined tubes. Plasma pipette? 
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as sedimentation proceeds is very rich in leukocytes and platelets. This 
1 suspension is then added to the serum under study. 

This cell suspension must be carefully controlled under phase observation. 
is of the utmost importance that the cells remain separated; samples dis- 
vying spontaneous agglutination of cells must be discarded. Numerous 
tors, such as centrifugation, shaking, and sedimentation favor the spontane- 
s agglutination of platelets and leukocytes and may lead to errors in evalua- 
ig the agglutinating power of serum. The heparin solution also must be 
refully controlled. Some samples of this substance, secured from various 
mmercial sources, have appeared capable of producing leukocyte agglutina- 
m. 

Technique. Two drops of leukocyte suspension and two drops of the serum 
mple under investigation are mixed in hemolysis tubes. Two sets of tubes 
e prepared, one of which is kept at room temperature and the other in the 
°C. oven. Every 10 minutes, a drop of the mixture is placed on a slide, a 
verslip is added, and the preparation is examined under phase contrast for 
ssible agglutination, lysis, phagocytosis, efc. With human subjects, the 
rum donor’s own cells were also examined. 

In addition, in order to study the effect of complement, or of some other 
ermolabile component, heated sera were used as well, in conjunction with cell 
spensions washed with heated serum. Fresh serum was added subsequently 
‘such preparations. 

Cinephotomicrography. Agglutination, lysis, and phagocytosis have been 
llowed by time-lapse cinematography at the rate of one frame every four 
conds which, at standard projection speeds, corresponds to an acceleration 
the processes studied by a factor of approximately 90 times. Technical 
tails of cinematography have been given elsewhere." * 

Some sera, producing lysis too rapidly, were diluted to a point where about 
) minutes were required for lysis to be achieved. 


IT, Results 


(1). Effects of antierythrocyte antibodies. We shall not expand here on cy- 
logical changes attending agglutination and lysis of the erythrocyte. This 
svelopment has been described elsewhere.® We shall consider only phago- 
ytosis.® 

This phenomenon is peculiar to only granulocytes and monocytes. At 
‘st, the leukocytes move about more or less actively among the red blood cells 
id push these bodies aside without sticking to them. Then, in some in- 
ances, an erythrocyte is seen to adhere to the surface of a leukocyte, at a very 
calized point. The leukocyte continues to form new pseudopods which con- 
nue to push the erythrocyte aside. The red blood cell which had become 
fixed to the leukocyte surface is pushed forward as the others are, but, be- 
‘use it is adhering to the white blood cell, the adjacent half of the erythrocyte 
comes intimately invested with a cuplike formation of hyaloplasmic sheets. 
his hyaloplasmic cup advances and pushes the erythrocyte which, being 
Htached at one point on the leukocyte surface, becomes stretched and assumes 
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a pear-shaped appearance. Then another process comes into play: the hyald 
plasm changes within the cuplike formation surrounding the elongated portioy 
of the erythrocyte. Its appearance in phase contrast changes from light 
dark, suggesting a transformation from sol to gel together with a local thicke 
ing of the hyaloplasmic sheet. A dark ringlike structure forms at the edge « 
the hyaloplasmic cup. This ring contracts rather rapidly, in a manner rem 
niscent of sphincter action. This contracting ring cuts the erythrocyte intif 
two portions, the one, enveloped by the hyaloplasmic cup, becoming inco} 
porated into the leukocyte cytoplasm and the other, outside the sphincter ff 
had evoked, becoming free and resembling an erythrocyte of small diametes 
Occasionally, this portion also sticks to the leukocyte surface (FIGURE 1). | 
This bisection of the erythrocyte by the leukocyte occurs usually withouff 
hemolysis. Sometimes, however, the erythrocyte hemolyses shortly afte 


Ficure 1. Tracing (from a film strip se cl 
F ! a film strip sequence) of the uptake a ioni é | | 
cyte. Intracytoplasmic hemolysis is noted in the last aoe cond sentioping ola ery throcy te by,a axa 
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1ering to the leukocyte. The phenomenon of bisecting and of engulfing may 
n take place with the red cell stroma. 

When a red blood cell or a portion of the cell has been engulfed, one can see 
intracytoplasmic hemolysis within a period of a few minutes to a few hours. 
moglobin diffuses suddenly out of the phagocytized cell into the digestive 
cuole, which enlarges steadily for about 10 minutes and then shrinks back 
d intimately surrounds the ingested cell. 

In summary, phagocytosis of an erythrocyte or of its stroma appears to 
pend upon becoming adherent to a very localized point on the leukocyte 
rfface. This finding is in accordance with the well-established law of phago- 
tosis that the first prerequisite involves adherence of the phagocyte to the 
rticle. Without the sticking phenomenon, the hyaloplasmic sheets push the 
ythrocytes about but do not succeed in enveloping them. On the other hand, 
venever the cell sticks at one point, the thrust of the leukocyte is adequate to 
etch the erythrocyte into a pear shape, under the conditions of our experi- 
nts. 

In the course of this stretching, the peripheral area of the hyaloplasmic 
eet (endowed of the same ability to contract as the rest of the cytoplasm) 
uy bisect the erythrocyte. The finding that hemolysis does not necessarily 
cur concurrently confirms previous findings of micromanipulation studies. 
Observations carried out to date lead us to believe this phenomenon is very 
neralized. It might possibly explain the well-known fact that ingested 
4 cells are often of a smaller diameter than normal erythrocytes. On the 
her hand, one wonders whether schizocytes, or at least some of them, ob- 
rved in certain cases of anemia, might not be the result of this very process. 
(2) Effects of antileukocytes antibodies. We shall describe here the main 
enomena artificially dissociated. Actually, these phenomena take place 
ncurrently. 

Agglutination. Studies of agglutinated leukocytes under high magnification 
ith the phase-contrast microscope reveal the following phenomena: 

When the cells are in good condition, a situation that obtains when the ex- 
rimental serum is not very active or when the medium has been heat de- 
tivated (complement deactivation) and the proper spacing has been allowed 
tween slide and coverslip, a number of cells stick to the glass. These cells 
n then be seen to form pseudopodia very actively, and they tend to avoid 
ch other. Nevertheless, they remain connected to each other through long 
amentous structures similar to those found connecting agglutinated erythro- 
tes (Bessis and Bricka®). After about 10 minutes, one can often observe a 
rmber of leukocytes in a rosette united to a central point by long, radially- 
stributed filaments (FIGURE 2). Such agglutinated cells often show signs of 
sis and of phagocytosis. ‘These cells will be described below. 

Lysis. When the antibody titer is very high and when the serum is rela- 
vely fresh (or when fresh serum is added), leukolysis can be demonstrated. 
he antiserum effect can become evident within a few minutes of contact. As 
rule, the following events take place: the cell swells and seems to take up 
ater. Solation of the cytoplasm occurs as evidenced by the rapid Brownian 
ovement of the cytoplasmic granules. The nucleus, at first, retains a normal 


990 Annals New York Academy of Sciences 


Ficure 2. Leukocytic clumping following autoantiserum action (from Andre ef al.8). In the lower phot 
graph, — is shown in motion, and connecting threads are seen between the agglutinated leukocytes (phé 
contrast). t 


we E 
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appearance but, within a few minutes, it begins to shrink and to undergo 
crinkling. One gains the impression that the extensive swelling of the cyto- 
plasm leads to compression of the nucleus. A few minutes later, however, the 
nucleus also begins to swell, the chromatin network becomes progressively 
fainter, and there is a considerable increase in volume. The nucleus is now 
spherical and appears completely bright, and nucleoli, when present, are 
visualized as intensely dark structures. 

The cytoplasm continues to swell. Specific granulations do not swell and 
their morphology appears unchanged. They do display very active Brownian 
movement. Mitochondria, on the other hand, are relatively nonmotile. At 
first, they show warty swellings, become distended, collapse, and often merge to 
form a large spherical vacuole. Finally, about 10 minutes from the beginning 
of the process, the nuclear membrane yields usually at one point (sometimes at 
many points). The nucleoplasm then flows into the cytoplasm (FIGURE 3). 
The nucleoli flow through the small tear or tears in the nuclear membrane. 
They swell and can then be seen to contain darker granules exactly comparable 
to those described in normal nuclei by various workers (Gonzales-Guzman, 
1949; Estable, et al., 1951). 

At the end of the process, we have a completely amorphous mass in which a 
few granules still exhibit Brownian movement, but in which none of the other 
cellular organelles can be identified. 

Phagocytosis. Intact granulocytes, monocytes and those hardly damaged 
by the antiserum phagocytize the more severely damaged cells and, occasion- 
ally, even phagocytize a cell which appears in very good condition. Asa rule, 


i i inkling in the degeneration of mito- 
Ficure 3. Lysis-of a leukocyte by antiserum. Note the nuclear crinkling in 
chondria, the Peel of the nucleus, and finally the rupture of the nuclear membrane. 
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however, phagocytic cells focus on inactive cells and surround them more or 
less completely. They often surround the damaged cell with a cup-shaped 
hyaloplasmic sheet deforming it into a pear shape, as if it were sucked into the 
center of this cup. In other words, the picture is identical to that described 
above for the phagocytosis of erythrocytes. A portion of the cell is then cut 
off and digested by the phagocyte. The other fragment is freed or may stick 
to a pseudopod for a time before being finally phagocytized as well (FIGURE 4), 

The way in which granulocytes push and attempt to engulf another cell is 
very characteristic and strikingly visualized by cinemicrophotography (FIGURE 
5). 

Intact granulocytes may also phagocytize lysed cells, yielding cells identical 
to those described by Hargraves e al. in lupus erythematosus.’ 

Whenever the ingested cell or cell portion is in good condition, it retains its 


; 


normal appearance for a while within the cytoplasm of the phagocyte. Diges- 


FicurE 4. Sectioning of a lymphocyte by a granulocyte during phagocytosis. Some mitochondria are seen } 


in the ingested fragment (from a film strip sequence), 
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tion begins after about 15 minutes. Mitochondria degenerate, the nucleus 
swells, and the chromatin network becomes blurred. The final state is identi- 
cal to that which occurs following ingestion of lysed cells. 

A rare phenomenon, but one which definitely occurs, however, consists of 
the ejection of a partially digested cell from a phagocyte. The phagocyte 
then often gives evidence of being damaged or, possibly, even dying. This 


Fricure 5. Diagram of a granulocyte pushing about a lymphocyte in attempting to surround it. This mo- 
‘ion is a very frequent phenomenon (from a film strip sequence). 
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regurgitation of phagocytized material has recently been described by Wilson® 
during the phagocytosis of streptococci and of erythrocyte stroma. ; 

Effect of antiplatelet antibodies. The appearance of platelets following con- 
tact with antiserum is identical to that just described for leukocytes. At first, 
the clumps are formed by normally motile cells but, after a while, the platelets 
become lysed and characteristically appear as very clear small spheres, two to” 
four micra in diameter, within which float black granules. These granules 
often are agglutinated (FIGURE 6). Granulocytes and monocytes then phago- 
cytize these platelets in the manner described for leukocytes. : 


t 


Ficure 6. Lysis (top) and phagocytosis (bottom) of platelets (from Andre ef al Phase contrast) 
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5 ummary 


The effect of erythrocyte, leukocyte, and platelet antisera has been described 

rom phase-contrast microscopy studies. Special emphasis is placed on the 
sectioning of erythrocytes and leukocytes by phagocytes and on the dynamic 
aspects of agglutination and lysis. Cytologic appearance has been found 
identical whether experimental or autoantisera are used. 
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Part V. Chemical and Metabolic Aspects of Leukocytic Activity 


THE METABOLISM OF HUMAN POLYMORPHONUCLEAR 
LEUKOCYTES* 


By Samuel P. Martin, Gordon R. McKinney,f and R. Green 
Department of Medicine, Duke University School of Medicine, Durham, N. C. 


The carbohydrate metabolism of the polymorphonuclear leukocyte has been 
reviewed recently by Beck and Valentine! and will be only briefly summarized 
because of the completeness of this review. The cardinal feature of the meta- 
bolism of this cell is its high aerobic lactic acid production, which is not in- 
fluenced by oxygen tension.?»? There is an active oxygen consumption and 
indications that there is an intact Krebs cycle.!:* The mature polymorpho- 
nuclear leukocyte contains glycogen. Wagner and his co-workers have shown 
that this glycogen is utilized to produce reducing and nonreducing inter- 
mediates of carbohydrate metabolism by phosphorylase activity.» ® Glucose 
1-phosphate, fructose 6-phosphate, fructose 1,6-diphosphate, and phospho- 
glyceric acid have been isolated.” The studies isolating these compounds have 
shown the existence of phosphorylase, phosphoglucomutase, and phospho- 
hexoisomerase activity, and have indicated, as well, the presence of triose 
phosphate dehydrogenase. This group has also shown the existence of hexo- 
kinase in the insoluble particles of the cell.$ 
| The present study was undertaken to determine some of the physiological 
aspects of leukocyte metabolism and to correlate these aspects with reactions 
in disease. Emphasis was placed on the reaction of the intact cell to various 
environmental changes. 


Methods 


Blood was collected from the cubital vein of various subjects into a non- 
wetting system consisting of either siliconed syringes or a Fenwal blood pack.§ 
An ion exchange resin (Dowex 50) in the blood pack or heparin (0.02 mgm./ml.) 
were used as an anticoagulant. Sedimentation was accomplished by the use of 
nonpyrogenic dextran|| in a final concentration of 1 per cent. The platelets, 
white cells, and plasma were separated by centrifugation for 15 minutes at 
50 X g. The resulting sediment contained 90 to 95 per cent polymorphonu- 
clear leukocytes and a red to white cell ratio of from 10 to 1 to as low as 1 to 
1. The cells were resuspended in a modification of Hank’s solution.? The 
concentrations were adjusted to 30 million cells per ml. before final study. 
With manometric studies a total of 90 million cells were used. The cell num- 
ber is critical, since it influences the rates of respiration and glycolysis. The 


* This work was supported in part by a research grant from the National Institutes of Health, United States 
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, it Frese address: Department of Pharmacology, University of West Virginia School of Medicine, Morgan- 
own, W. Va. 

§ Fenwal Laboratories, Framingham, Mass, 
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ells were placed in a siliconed Warburg vessel or in a 25-ml. Erlenmeyer 
ask with air and shaken at 37° C. in a constant temperature waterbath. All 
pettes used in the procedure were siliconed. All solutions were made in 
jonpyrogenic water. When broken cells were used, they were homogenized in 
ground glass homogenizer with alumina, sea sand, or without abrasives. The 
resence or absence of abrasives did not alter the cell response. 

Lactate analyses were carried out by the method of Barker and Summerson? 
mn filtrates prepared by the Folin-Wu method;!? on fructose by the method of 
toe;'? and on glycogen by a composite method.’ Paper chromotographic 
nalysis for lactic acid was carried out by the method of Lugg and Overall.” 
Jxygen consumption was measured manometrically. Lactic acid was also 
letermined in certain experiments manometrically by measuring the release 
ff CO,. All values were calculated as micromoles per 10 million cells per 
our. Ten million cells were used because of the work of Peschel,'* who showed 
hat 10 million leukocytes were equivalent to an approximate weight of one 
ngm. 

In a series of experiments with iodoacetate, the intact cells were suspended 
n 3 ml. of 0.0025M sodium iodoacetate in modified Hank’s solution,’ allowed 
0 incubate at 37° C. for 15 minutes, then dialysed for eight hours at 10° C. 
gainst 250 ml. of the modified Hank’s solution, with hourly changes. The 
yroken cells were suspended in a 0.066M potassium phosphate buffer (pH 7.4) 
nd dialysed against similar volumes of the same buffer in the manner described 
tbove. At the end of the dialysis, the cells were suspended in a solution of the 
ame buffer used for dialysis and containing a final concentration of 0.01M 
lutathione (GSH), 0.001M adenosine triphosphate (ATP), 0.003M magnesium 
hloride, and 0.033M glucose or hexosediphosphate. In some experiments, 
).001M diphosphopyridine nucleotide (DPN) was used. These mixtures were 
ncubated for four hours. Lactate was determined colorometrically in all 
xperiments and by the manometric and chromotographic methods in represen- 
ative experiments. 

Respiration. In TABLE 1, the respiration of normal human leukocyte is 
yresented. Leukocytes have an active oxygen uptake. This uptake dimi- 
rished in the presence of glucose but not of fructose. TaBrx 2 shows the effect 
f Krebs cycle intermediates on respiration in intact and broken cells. Values 
re recorded as plus or minus the per cent change from the control values 
vithout the substrate. Pyruvate was the only substrate influencing oxygen 
iptake of intact cells. When the cells were injured, they responded to a 

TABLE 1 


Oxycen ConsumpTION, LacTaTE PRODUCTION, AND GLYCOGEN UTILIZATION OF 
Human LEvuKocyTes® 


(Values expressed as micromoles per 10 million cell/hour + S.E.) 


Q O2 Q Lactate Q Glycogen 


BMI TOler seine iss en oe —0.150 + 0.007 | +0.266 + 0.028 | —0.018 + 0.002 
):0056M Glucose.........- —0.092 + 0.006 | +0.740 + 0.107 | —0.006 + 0.003 
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TABLE 2 
Errect or MErapouires RELATED TO THE Kress CYCLE ON RESPIRATION IN 
Intact AND BROKEN LEUKOCYTES 
(Values expressed as per cent plus or minus control value without intermediate. All 
determinations represent an average of four or more separate experiments.) 


Additions (final Concentration 0.01M, except*) Intact Broken 
| 
Danie ene eeernin Potpcu anteater Goa A HSei aymieitad —- _ nie | 
INCOLALS Sen ome ue le Rn ei eA ae, creer eee = : ys 
Oxalacetatecte nce. ccna eee © Sr ante in ee eae ap xy 
Ctra Ee Ee vO er Ee ag — - cs 
alpha-Ketoglutarate. 2.202202 - 02 -- 040-2. 13 apse + ee 
STP bE Rte np ene Heret ehe anes aay tin Sn etd Decrees —3 aa i 
Pumaratee cite ce cen Cee eae eae +4 — Ve 
Malate d: scant tries crses herd heehee ek eum ta tiie at ade acters: —2 —_ 
Glutamatet eee. aa te con ener a eee eee —1 +14 
*Cytochromee(0.00005M) oes 2: os oe thee oe —3 +17 
Succinate tC vylGchrome:oaser erent a nent to +4 +129 


series of substrates, succinate being the most active. TABLE 3 shows the effect | 
of a series of inhibitors. Malonate does not influence intact leukocytes. The 
effects with cyanide and other inhibitors are consistent with values reported | 
in the literature. Limited studies on leukocytes from subjects with myelo- | 
genous leukemia showed an active respiration comparable to the normal cells. | 

Glycolysis. In TABLE 1, the lactate production is reported in the presence | 
of air. There was no significant alteration on use of oxygen or nitrogen in | 
normal leukocytes, but an increase was noted when leukemic neutrophilic | 
leukocytes were exposed to nitrogen. This finding confirms earlier obser-| 
vations.” * Immature neutrophilic leukocytes obtained from individuals with | 
severe infection have normal to increased glycolysis in contrast to the leuko- | 
cyte of leukemic individuals. 

Glycolysis can be abolished by dialysing intact cells. Restoration of Mg: 
and glucose returns lactate production to normal. The effect of various! 
concentrations of glucose and fructose are shown in FIGURE 1. When glucose | 
and fructose are mixed, the lactate yield is additive but fructose utilization is: 
markedly diminished. Quantities of glucose in excess of 0.0056M inhibit | 
glycolysis in the intact cell. The nature of this inhibition is not known. The: 
effects of 0.0056M concentration of glucose, fructose, and the phosphorylated | 


TABLE 3 
EFFEcT OF INHIBITORS ON RESPIRATION 
(See TABLE 2) 


Inhibitor Intact Broken 
Malonate O10 UMiamers. bans. ul oe oon en +1 —43 
Malonate 0.01M + succinate 0.01.................... —2 +3 
Fluoroacetateeeweewrr te. 6). el Ae eo —37 —46 
KICINTO OOO (IM Remini cota pln jcc ee ne ne —81 —75 
pChloromercuribenzoate (0.001M).................... —85 —83 
Dinitropheno ar peemee rr yck rs. ao... Bh ene +36 +41 


a 


Martin et al.: Polymorphonuclear Leukocytes 999 


0.8 


0.6 


e— Glucose - intact cells 
a— Fructose- intact cells 
o——-o Glucose - broken cells 


MICROMOLES LACTATE PER 10. WBO PER NOUN” 


02 a— —-4 Fructose- broken cells 
7 = Fructose &Glucose-intact cells 
a Fructose &Glucose-broken cells 
—-— 
O 100 200 300 400 


Mg. % ADDED HEXOSE 


Ficure 1. The effect of varying concentrations of glucose and fructose on aeorbic lactic acid production in 
yman leukocytes.'® 


exoses are shown in TABLE 4. The phosphorylated hexoses are not utilized 
y the intact cell. 

In TABLE 5, the effect of some intermediates of glycolysis are shown. Of 
hese, glyceraldehyde 3-phosphate induced the greatest lactate production in the 
vtact cell. In TABLE 6, inhibitors of glycolysis are shown. Iodoacetate was 
he most effective inhibitor. Oxamic acid, an inhibitor of lactic dehydro- 
erase,!° decreases lactate production by 20 per cent. These concentrations 
rill produce marked inhibition of purified lactic dehydrogenase. Similar 
ffects were noted under anaerobic conditions. Oxamic acid does not affect 
lyoxylase activity.’ Sorbose 1-phosphate, an inhibitor of hexokinase," 
oes not influence lactate production in intact or broken leukocytes. When 
dded to 0.1M to 0.01M dl-glyceraldehyde there was no inhibition of lactate 
roduction, in fact there was no imcrease, Since dl-glyceraldehyde is an inhib- 
tor of triose phosphate dehydrogenase and hexokinase,” this finding may add 
o the evidence that the aerobic lactic acid production of the mature poly- 
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TABLE 4 


Errect ofr GLUCOSE, FRUCTOSE, AND PHOSPHORYLATED HexosEs ON LACTATE 
PRODUCTION IN INTACT AND BROKEN CELLS 


(See TABLE 2) 


Te ae 


Additions 0.0056M Intact Broken 
(BU Ree ote Ae co thoes Se iOE ae Nren fone Sin maces RAIS +138 +99 
abe tats ie, a A Ec ain 5.8 Scam nt se emietoney eran mts ever. ci +51 +104 
Glucose (phosphates. i sere ete —2 +21 
Glucose.0-phosphater se sem a2 ern re eee +7 +32 
Eruectose 6-phosphatel «cms: oiaar hye eae tact ree aeo) +52 
Eructosedso-diphosphatessy etre re crt reise =O 122 


morphonuclear leukocyte may be derived from more than one metaboli 
pathway. 

Source of lactic acid. Iodoacetate is a potent inhibitor of lactic acid produa 
tion by leukocytes. Triose phosphate dehydrogenase in irreversibly inhibitea} 
by iodoacetate,!® but other enzymes of glycolysis may be restored on additio 
of GSH. Broken cells inhibited with iodoacetate were able to produce lacti 
acid after the iodoacetate was removed by dialysis and glucose or fructose 1,6)%§ 
diphosphate and GSH were added. The necessary factors for lactate produ 
tion would appear to be a hexose and GSH. ATP and DPN were not nece | 
sary. Since methylglyoxal and other compounds give the color attributed td 
lactic acid on colorimetric determinations,’ manometric determinations measi 
uring carbon dioxide liberation were used to check colorimetric studies. Tif 
addition, the presence of lactic acid, checked by paper chromotographidi 
methods, would indicate that this acid can be produced by cells which have 
little or no triose phosphate dehydrogenase. The source of this lactic acid ii 
unknown. Leukocytes contain glyoxylase and GSH.° This enzyme syste 
may account for some of the lactic acid. 

Factors controlling lactate production. In TABLE 7 the effect of a series of 
environmental changes on respiration and glycolysis is summarized.!: 2 
Mild degrees of physical injury, such as centrifugation or pipetting, repeated] 
caused a decrease in respiration and an increase in glycolysis. The lactic acid 
production was decreased by compounds E and F. The effect of compound 
was seen within four hours, while that of compound E was observed later (six 


, | 


TABLE 5 
EFrecr or INTERMEDIATES OF GLYCOLYSIS ON LACTATE PRODUCTION IN INTACT 
AND BROKEN CELLS 
(See TABLE 2) 


Intermediate 0.0056M Intact Broken 


Glyceraldehivdermsphosphate...............0) eeu +120 +110 
3-Phosphoglycericmacid)......../........ Me ne +4 +38 
3-Phosphopyruvic acid........ MONO Aes Nice firs +26 +120 


PYLUVICIACIG AMM ec ais ss sea ce ee oe ee me +18 +52 
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7 TABLE 6 

EFrect or Inurpirors oF GLycoLysis ON LACTATE Propuction BY INTACT AND 

: BROKEN CELLS 


(See TABLE 2) 


Inhibitor Conc (M) Intact Broken Intact Broken 
*hloridzin 0.01 —52 —56 —37 —A47 
0.05 —74 —69 —83 —74 

sorbose 1-phosphate 0.001 — — +19.4 —3.1 
odoacetate 0.01 —99 —97 —98 —95 
0.001 —98 —92 —95 —92 
0.0001 —68 —73 —61 —59 
Sodium fluoride 0.1 —92 —89 —88 — 84 
0.01 —14 —19 —52 —45 
0.001 +20 +16 —26 —12 
Jxamic acid Ont —20 —24 —20 —23 
0.01 —24 —23 —29 —23 


urs). Compound S increased lactate production. Insulin in vitro increased 
state production in diabetic subjects. A bacterial pyrogen, Pyromen (Bax- 
- Laboratories) increased lactate production when used in quantities as small 
0.03 wg. per ml. Pneumococcal polysaccharide in similar quantities was 
thout effect. Toxin from C. diphtheriae did not influence respiration or 
ycolysis. 

In summarizing, therefore, it may be said that the neutrophilic leukocyte 
stitutes an active metabolizing cell. In the intact state, its response to 
any intermediates is limited probably by the cell membrane. The data 
esented would indicate that glycolysis may follow more than one pathway, 
1d that triose phosphate dehydrogenase may be inactivated with continuation 
‘lactate production. With active glyoxylase, it would appear to the authors 
lat this system may play a more important role in leukocyte metabolism than 
other cells. Since this cell responds to environmental changes, it may, in 
1e future, occupy a unique position in offering an opportunity to study the 
Jation of cell metabolism to human disease. An actively metabolizing cell 
ia TABLE 7 


Errect or TRAUMA, HorMONES, AND BACTERIAL Propucts ON METABOLISM 
oF HumMAN LEUCKOCYTES 
(Values on this table are derived from ten to thirty determinations on separate 
subjects. All starred values have a p value of <0.01 when compared 
with the control) 


Condition Q O2 Q Lactate 

Behl Crew os ee on ete — + 
Ne Pe ee cs et Fey Reese ns —3 = 30° 
ey gre tec eh gwen y+ = —20 a 
eS ee a setae ero tes +20 
Miira| with insulin: .....- 2.2.22 e wcrc e ee eee: +1 : 
Mepetic with insulin. «-.. 2.66... 0 scorer cence ess aes +22 Z 
Hromen (bacterial pyrogen)......---++--+++2serte rt —34 +50 


Maris OXI races ae eine tT 
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may be removed from the compensatory mechanisms of the host and its me 
tabolic alterations studied. The cell is morphologically ideal for studies of cel 
physiology, since suspensions of intact discrete cells are available. The cell? 
fragile nature and its response to injury, however, detract from, as well a 
complicate, studies of it. 


Acknowledgments 


The authors wish to express their thanks to Doctor James Tullis of th 
University Laboratory of Physical Chemistry, Harvard University, and t 
Doctor Seymour Korkes, Doctor Philip Handler, and Doctor R. Wayn 
Rundles of Duke University for their helpful suggestions. 


References 


1. Beck, W. & W.N. Vatentine. 1953. Cancer Research. 13: 309. 

2. Kempner, W. 1939. J. Clin. Invest. 18: 291. 

3. McKinney, G. R., S. P. Martin, R. W. Runores & R. Green. 1953. J. Applied 

Physaososo. 

4. Wacner, R. 1947. Blood. 2: 235, 

5. Wacner, R. 1950. Arch. Biochem. 26: 123. 

6. WacnerR, R. 1950. Arch. Biochem. 29: 260. 

7. WAGNER, R. & A. Yourke. 1952. Arch. Biochem. 39: 194. 

8. WAGNER, R. & A. Yourke. 1953. Arch. Biochem. 44: 415. 

9. Barker, S. B. & W. H. Summerson. 1941. J. Biol. Chem. 138: 535. 

10. Foun, O. & H. J. Wu. 1919. J. Biol. Chem. 38: 81. 

11. Somocy1, M. 1945. J. Biol. Chem. 160: 69. 

12. Umpreir, W. W., R. H. Burris & J. F. Staurrer. 1949, Manometric Techniques 
and Tissue Metabolism :191. Burgess. Minneapolis, Minn. 

13. Luce, J.W. H. & B. T. Overatr. 1948. Australian J. Sci. Research. (A)1: 98. 

14, PescHEL, E. 1930. Klin. Wochschr. 9: 1061. 

LS: ante P., G. R. McKinney, R. GREEN & C. BEcKER. 1953. J. Clin. Invest.| 

16. Hakata, M., A. J. Gratp & G. W. ScHWERT. 1953. Federation Proc. 188: 535. 

17. McKinney, G. In manuscript. 

18. Larpy, H. A., V. D. WreBetHaus & K.M. Mann. 1950. J. Biol. Chem. 187: 325. 

19. Cort, G. T., M. W. Stern & C.F. Cort. 1948. J. Biol. Chem. 173: 605. 

20. McKinney, G. R. 1953. Arch. Biochem. 46: 246. 

21. NEEpHAM, D. M., L. Smumnovircu & S. M. Rapxine. 1951. Biochem. J. 49: 113. 

22. Pen a Pee N. Cuaupnurt, R. Green & G. R. McKinney. 1954. J. Clin. 
nvest. 332 355, 


THE ENZYMES OF LEUKOCYTES* 


By William N. Valentine 


Department of Medicine, School of Medicine, University of California Medical Center, and the 
Veterans Administration Center, Los Angeles, Calif. 


‘Leukocytes are complex tissues, readily biopsied, and contain a wide variety 
xf metabolic equipment whose operation, as with other tissues, reflects the 
mpact of disease. With the exception of the nonnucleated erythrocyte, they 
wre the most available of all the body cells for repeated analysis, and techniques 
now existent render the study of separated leukocytes readily feasible. Their 
free-floating environment in the blood stream and individuality in the tissues 
Jo not resemble the structural integration of organs such as liver, kidney, and 
muscle, which are more conventional tissue sources for enzyme study. Never- 
theless, it should be recognized that the usual techniques of enzymology are 
not designed to measure over-all organ function, but to record the metabolic 
capacity of some special system in a known amount of tissue cells or tissue 
homogenates. In this respect, the leukocytes present many advantages since 
they can be quantitatively enumerated and differentially counted. To be 
sure, as with all tissues, leukocytes must have certain distinctive metabolic 
characteristics, but they also share much of the metabolic machinery common 
to other body tissues. The object of investigations on leukocyte metabolism 
in this laboratory has been (1) to record descriptively the enzymatic capacities 
and biochemical content of leukocytes with special reference to the various 
morphologic leukocyte types; (2) to record the effect of disease on these moie- 
ties; and, (3) to attempt to bring the conventional and established tools of 
the chemist to bear on clinical problems through the medium of study of the 
leukocyte. 

Tn leukocyte homogenate systems fortified with glucose, hexose diphosphate, 
cytochrome C, DPN, ATP, and Mgt* and studied by conventional manometric 
techniques, both normal and leukemic cells exhibit a primarily aerobic glycoly- 
tic metabolism.! The observed ratio of glycolysis to respiration in terms of 
glucose equivalents has been approximately 30 to 1 in cell homogenates from 
normal subjects and subjects with chronic myelocytic leukemia, and 15 to 1 in 
those prepared from subjects with chronic lymphocytic leukemia. Expressed 
on the basis of unit cell activity, the aerobic over-all glycolytic rate is only 
two fifths as great as normal in homogenates of the leukocytes of chronic 
myelocytic leukemia, and only one-sixth normal in similar preparations from 
‘chronic lymphocytic leukemia. In the latter instance, this is partially, but by 
no means entirely, due to the fact that the average size of the cell population 
analyzed is smaller, and the unit cell nitrogen content somewhat less than half 
normal. In the case of chronic myelocytic leukemia, however, unit cell 
nitrogen content is only slightly below normal. These differences in over-all 
glycolytic rate are, of course, reflected by rather similar changes In glucose 


* This investigation was supported by research grant No. H 1069 (C3R) from the National Cancer Institute 
of the National Tnstitates of Health, United States Public Health Service, and by a grant from Parke, Davis 


and Company, Detroit, Mich. 
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utilization. The glucose in the medium is measured as utilized in these experi- 
ments when it has undergone the first phorphorylation to glucose 6-phosphate. 
Oxygen consumption is similarly much lower in leukemia than in normal homo- 
genates on a unit cell basis. Doctor William Beck has recently been engaged 
in assaying individually many of the enzymes and cofactors of the Embden- 
Myerhoff cycle in samples of normal and leukemic cells with the end in view of 
possibly finding a rate-limiting step responsible for the diminshed glycolytic 


activity of leukemic homogenates.? Interestingly, while the aldolase activity 


and the amount of total pyridine nucleotides were essentially normal in the 


cells of chronic myelocytic leukemia, the lactic dehydrogenase and triose 


phosphate dehydrogenase were reduced approximately proportional to the 
differences in over-all glycolysis. F1icurE 1 records the comparison of these 
constituents and enzymatic activities in normal subjects and in chronic myelo- 
cytic leukemia. At first, these activities seemed possible rate-limiting steps 
in glycolysis in chronic myelocytic leukemia, but studies on the capacities of 
these enzymes indicate that, while reduced in amount, they still far exceed the 
over-all glycolytic rate. 

Myeloid leukocytes contain substantial amounts of glycogen which are not 
significantly altered from normal in the presence of either uncontrolled diabetes 


or adrenal steroid therapy.? However, in chronic myelocytic leukemia, the | 


myeloid leukocyte glycogen content averages only half normal, while in poly- 


cythemia rubra vera with leukemoid features closely simulating myelocytic | 
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ukemia morphologically, mean myeloid leukocyte glycogen is half again the 
yrmal mean and three times that of myelocytic leukemia.* Leukocyte 
ycogen must of necessity depend upon the forces favoring synthesis and those 
voring utilization or degradation, but these metabolic differences remain 
1explained in terms of differences in enzyme machinery in the two situations. 
nce blast cells and lymphocytes contain little or no glycogen, analyses of 
ukemic cell populations composed predominantly of these types reveal very 
w unit cell glycogen. 

Attention has been directed to certain nonenzymatic leukocyte constituents 
biological importance as a corollary to studies on the enzymatic constitution 
E leukocytes. These constituents include histamine, free sulfhydryl com- 
ounds (free glutathione), and glucuronic acid. Histamine is confined entirely 
r almost entirely to the myeloid series of leukocytes’ and reaches extremely 
igh levels in chronic myelocytic leukemia.5: ®»7/8 Available data fail to 
\dicate that the eosinophil has any special importance in histamine metab- 
lism?’ ° and, until recently, attempts to correlate histamine levels with the 
asophil had not been successful. Recently, Ehrich!” suggested, on the basis of 
sanalysis of some few cases from our early data, that there was a better correla- 
on of blood histamine with absolute basophil counts than with absolute 
eutrophilic granulocyte counts. The opportunity has just presented itself 
9 study repeatedly the blood histamine in a patient with chronic myelocytic 
sukemia in whom 40 to 70 per cent of the leukocytes were basophils. Ata 
sukocyte level of 80,000 per cu. mm., histamine per ml. of blood was nearly 
ouble that of any other case studied. Even after therapy had brought the 
otal leukocyte count to essentially normal (11,400 per cu. mm. but with 67 per 
ent basophils), the blood histamine was 85 times the upper limits of normal 
alues. This finding prompted re-evaluation of 22 studies of blood histamine 
1 chronic myelocytic leukemia." The evidence very strongly suggests that 
he basophil is the chief or sole carrier of histamine in the blood of man. Fic- 
RE 2 indicates this relationship of basophils to leukocyte histamine in chronic 
nyelocytic leukemia. 

The content of free reduced glutathione (GSH) has also been studied in this 
aboratory" in leukocytes and erythrocytes ina number of hematologic disorders. 
Yn a cell for cell basis, the leukocyte was found to contain 7 times as much free 
*SH as the erythrocyte. Although GSH has been suggestively implicated in 
ell growth and in neoplastic processes, we were unable to detect any clear-cut 
elationship of free sulfhydryl to either increased myelopoietic or erythropoietic 
ctivity in a variety of nonleukemic states, nor were elevated GSH values 
ound in leukemia. In fact, the unit cell GSH content in blastic and lympho- 
ytic leukemia appeared consistently low. Leukocytes also contain readily 
neasurable free glucuronic" acid averaging slightly above 3.5 mgm. per 10** 
eukocytes in normal subjects. Leukemic blast cells and lymphocytes, as well 
is the lymphocytes of nonleukemic lymphocytoses (such as, for example, 
nfectious mononucleosis) are poor in glucuronic acid. 

Studies have also been conducted on the esterase beta glucuronidase” and 
mn the acid and alkaline phosphatase of leukocytes,!® 17» 8 under a variety of 
Jinical circumstances. Detailed discussion of these appear elsewhere, but 
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recent observations on the variations in al 
leukocytes in disease are of interest. Alkaline phosphatase was measured as 
previously described'® at pH 9.9 and 37° C. employing sodium beta glycero- | 
phosphate as substrate and a 1-hour incubation period. It has proved to be | 
an enzyme responsive in a most interesting way to deviations from normal | 


kaline phosphatase activity of | 
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ealth. Expressed as mgm. of phosphorus liberated from substrate per hour 
yer 10!° leukocytes, the normal mean of our original studies was 25, and the 
ange 13 to 58. With continuing experience, this finding has continued to 
ye essentially the case, though occasional normal individuals have been ob- 
erved with values lower than 13. In chronic myelocytic leukemias (and, in 
act, in other leukemias as well) values have been uniformly low with a mean of 
mly 3.0. This decrease in itself might theoretically be due to the presence of 
ess mature cells in the analytical system, but in polycythemia vera with 
eukemoid features and cell populations morphologically indistinguishable 
rom those of chronic myelocytic leukemia, the mean value has been 20 times 
rreater than that of the leukemic cells.!8 There has been no observed overlap, 
ind mean values have been three times greater than normal. Similar findings 
ire observed in certain “myeloproliferative syndromes” resembling chronic 
nyelocytic leukemia, but are thought to be neither the latter nor polycythemia 
vera. In the initial investigations, it was observed that very great elevations 
n unit leukocyte alkaline phosphatase occurred in the presence of infections 
ind in certain other causes of neutrophilic leukocytosis. Since, on the average, 
hese elevations were increased four to five times above normal and often were 
ndividually greater, the increase could not be explained by morphological 
Jeviations from the normal cell population in the analytical systems. Similar 
qualitative increases in leukocyte phosphatase have been observed in poly- 
sythemia vera and in infection by cytochemical staining of blood films for 
ulkaline phosphatase.!? Wider experience with the phenomenon has demon- 
strated that it accompanies many situations in which “stress” or increased 
pituitary and/or adrenal cortical activity would be expected to be present. 
Thus, consistent marked elevations in unit leukocyte alkaline phosphatase 
ure observed, not only in the presence of infection, but also in association with 
myocardial infarction, bleeding aneurysms, ruptured peptic ulcer, fractures, 
serebral vascular accidents, acute urinary retention, operative procedures of 
various types, and pregnancy.” In infection and many other disorders, this 
slevation continues to be present during convalescence for a time, even 
when therapy has restored the total and differential leukocyte count to the 
normal range. Elevated leukocyte alkaline phosphatase has been observed 
in cases of active pulmonary tuberculosis in the absence of any gross abnor- 
mality of total or differential leukocyte counts. In nine patients studied be- 
fore and after surgical procedures, the leukocyte alkaline phosphatase rose 
stepwise after operation, attaining a peak of about three times baseline values, 
on the average, 72 hours after the procedure. In the absence of complications, 
1 fall toward normal occurred during the next several days. In the presence 
of complications, values remained elevated or rose still higher. FrcurE 3 
records the observations in two patients with unusually marked responses. Of 
<onsiderable interest were observations that this ubiquitous reaction did not 
occur except rarely in certain situations which might, a priori, be considered 
“tresses.” The reaction was a rare accompaniment of active, uncomplicated 
-heumatoid arthritis, even in the presence of pain, swollen joints, and elevated 
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Ficure 3. Unit leukocyte alkaline phosphatase values in two subjects before and after surgical procedures, . 


sedimentation rates. It was not observed in any of eight cases of active dis- - 
seminated lupus erythematosus, and was absent (though less consistently so) | 
in cases of acute rheumatic fever without streptococcal complications or } 
bacterial endocarditis. These groups of disorders apparently failed to elicit | 


Valentine: Leukocytic Enzymes 1009 


he same metabolic response as those discussed above despite the serious nature 
f the illnesses. 

The above observations have naturally led to exploration of the role of 
ituitary adrenal activity in this phenomenon.2? When 30 to 40 units of 
\CTH gel* are given intramuscularly every eight hours for three days to sub- 
ects under no apparent stress and with normal leukocyte alkaline phosphatase 
ralues, there regularly occurs a marked rise in unit cell leukocyte alkaline 
yhosphatase. This rise reaches a peak averaging four times greater than 
retreatment levels by the end of 72 hours. Seventy-two hours after cessation 
f treatment, values are entirely normal. Although substantial neutrophilic 
eukocytosis occurs, the peak alkaline phosphatase and peak leukocytosis do 
10t coincide. Values, of course, are compared on a unit cell basis. Only 
elatively slight and inconsistent elevations, presumably due to the intramus- 
sular protein injection, occur when the gelatin medium without ACTH is 
siven in equal amounts for a similar period of time. The phenomenon is 
sroduced, therefore, both by the presence of “stress”? continuing over a con- 
iderable interval of time and by repeated injections of ACTH gel. Further, 
t does not resemble the eosinopenic response which develops maximally within 
four to six hours of a burst of pituitary-adrenal activity. 

The mechanism of the response is not clearly delineated.t Cortisone acetate 
ind hydrocortisone in doses up to 200 mgm. daily fail to duplicate the phenom- 
enon fully. In some cases, a moderate rise occurs, but this rise quickly levels 
off and may, in some instances, actually appear to be returning in the direction 
of normal before the three-day experimental period is terminated, and never 
attains the high levels reached when ACTH gel is administered, or when certain 
types of natural “‘stresses” such as infection are present. Experience with 
aqueous ACTH is too scanty at present for any conclusions, but initial results 
have been much more variable than with the purified ACTH gel. Ficure 4 
shows the characteristic response to ACTH gel administration in a representa- 
tive patient. Response of the same patient to injection of the gelatin medium 
alone and to cortisone acetate and hydrocortisone are also shown. At the 
present time, it is not entirely clear whether the observed phenomenon is due to 
some steroid elaboration of the adrenals or to a combination of adrenal steroids, 
whether some direct pituitary activity independent of the adrenals is present, 
or whether some combination of the above with tissue injury is playing a 
dominant role. Elevations of alkaline phosphatase activity in rat liver have 
been observed after adrenal steroid administration by Kochakian and Bartlett,” 
and the relationship of the adrenals to phosphorylation and to alkaline phos- 
phatase has been reviewed by Vérzar.* The phenomena may not apply to all 
species, since we have not been able to reproduce it in dogs experimentally. 
The meaning of the rather remarkable changes in unit cell alkaline phosphatase 
activity under the natural and experimental conditions discussed above and 
the implications of its possible relationship to pituitary-adrenal activity remain 


bg trophin, Organon. ; : Pe ; : 
t eecltetnary Gata with longer courses of ACTH gel suggest that, with continued administration, leukocyte 


alkaline phosphatase may return to normal while patient is on the medication. In this respect, the ACTH in- 
duced elevation may differ from that induced by infection, trauma, ééc. 
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tisone (Cortef) on unit cell leukocyte alkaline phosphatase in a representative patient. The ACTH gel and © 
gelatin medium were given intramuscularly. Cortisone was given intramuscularly as designated in one instance | 


and orally in another. Hydrocortisone was administered orally. 


i Medications were given individually in each 
case after a period when patient was on no medication. 


obscure. Its possible usefulness as an index of such activity also remains to 
be explored.* 
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PEPTIDASES IN HUMAN LEUKOCYTES* 


By Gerard A. Fleisher 
Section of Biochemistry, Mayo Clinic and Mayo Foundation, Rochester, Minn. 


The prominent functions of the leukocytes in the defense of the body agains 
invasion by microorganisms aroused the interest of early investigators in th 
protein catabolism of these cells (see bibliography of Merten and Winschuh’)| 
Unfortunately, the difficulty of separating leukocytes from erythrocytes with 
out impairing their structural integrity, the instability of some of the peptidases: 
and the lack of adequate analytic methods have greatly impeded progress i 
this field. In recent years, these difficulties have been largely overcome 
Leukocytes may now be separated in viable form from the bulk of the erythr 
cytes by a variety of methods, and satisfactory procedures are available for th 
analysis of enzymatic protein degradation and peptide hydrolysis. 

The present study has been confined to the enzymatic cleavage of a sma 
number of dipeptides and tripeptides by human leukocytes. Initially, th 
cells were obtained from a few selected healthy persons whose total leukocyte 
count was rather high, so that the characteristics of peptidase reactions could 
be determined with a minimum of blood. Special emphasis was laid on the 
investigation of pH-curves, activating and inactivating effects, particularly of 
heavy metal ions, kinetics, influence of buffers, and stability of the enzymes 
An elaboration of these characteristics served three purposes: first of all, ‘ 
establish the optimal conditions for a routine assay of normal and pathologic 
bloods; second, to obtain indications as to which peptides are hydrolyzed by 
the same enzyme; and, last but not least, to allow comparisons to be made 
between the corresponding enzyme patterns in serum,?:? erythrocytes,‘ and 
tissues.© The source of serum peptidases, for instance, has not been proved 
as yet. While some observations suggested that it might be the lympho- 
cytes,®»” correlations between the cell count and some serum peptidase activi- 
ties under conditions of induced stress have certainly not been established;* § 
on the other hand, serum peptidases may be significantly elevated in some 
cases of lymphocytosis.® 


Experimental 


The blood leukocytes were isolated by a modification of the method of 
Buckley and his co-workers.\° The final preparations, when stained with 
Wright’s stain, yielded differential counts which were nearly identical with 
those taken on the original blood films. The lymphocyte preparations were 
obtained from surgical specimens of enlarged lymph nodes. The greater part 
(about 75 per cent) consisted of small and medium-sized lymphocytes. There 
was only about 1 per cent of polymorphonuclear cells, the remainder being 
made up of broken cells, presumably also lymphocytes. The details of the 
isolation procedures will be described elsewhere. 

f With the eNniEel auaitancs ot June Geagtee Co ee 

} The Mayo Foundation is a part of the Graduate School of the University of Minnesota, Rochester, Minn 
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All substrates used in this study were commercial preparations. The pro- 
ess of peptide hydrolysis was followed at 38° C. by the colorimetric ninhydrin 
sthod as described for serum peptidases.? The results are expressed either in 
rms of p, the fractions of substrate which were hydrolyzed during the time of 
zymatic reaction, or whenever the kinetics of a reaction under one set of 
nditions has been established, in terms of 6, defined as the initial hydrolysis 
tes per minute per 10'° cells in 1 ml. of reaction mixture. These activities 
fer to peptide concentrations of 5 X 10-* molar. For the determination of 
in different bloods under standard conditions, two samples were taken during 
e enzymatic reaction, at two and four hours, and the mean activity was deter- 
ined. Asa rule, the two values were in good agreement. 

In leukocytes from normal blood, the contribution of the erythrocytic pepti- 
ses to the over-all activity was usually less than 5 per cent and was, therefore, 
sregarded. In leukocytic preparations from some pathologic bloods this 
action may be increased to 10 per cent or even higher, and corrections should 
en be applied. 


Results and Comment 


The hydrolysis of glycylglycine by leukocytes from normal blood. In the ab- 
nce of an activating ion, glycylglycine is split at a relatively slow rate by 
ukocyte preparations. The addition of various ions to the reaction mixture 
- three different concentrations gave results which are summarized in TABLE 1. 
-is seen that cobalt alone functions as an activator, while zinc, cadmium, and 
ivalent copper appear to have an inhibitory effect. The cobalt activation 
as studied in greater detail. In either phosphate or veronal buffer of pH 7.7 
creasing the concentration of this ion to 10 molar caused an increase in the 
ite of hydrolysis of glycylglycine. At still higher concentrations, the activity 
ecreased sharply in veronal buffer, until at 10~* molar Cot, it was no greater 
ian in its absence. In phosphate buffer, however, a plateau was observed, 
resumably because the concentration of the free ion cannot be increased 


TABLE 1 
Errect or Meta Ions ON GLYCYLGLYCINE Hyprotysis By NormMat LEUKOCYTES 
(pH 7.7; 8.3 X 105 cells per ml.; time, 6 hr.) 


p 
Ion 
10-5 molar 10-4 molar 10-3 molar 
‘ts 
eee 43 70 66 
gn, ihe cin a8 .09 43 07 
eee 12 12 08 
PAM Ses icles vs: o Take. nis a10 12 10 
ION eral er sielosoneyd sleek Silk 13 12 
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Ficure 1. Effect of varying pH on the hydrolysis of glycylglycine (GG) and glycylglycylglycine (GGG) by 
normal leukocytes. @, GG with 10-3 molar Cot*; 8.1 & 105 cells per ml.; time 6 hr. o, GGG, no ion; 1.6 X 10 
cells per ml.; time 8 hr. 


beyond about 10~ molar, owing to the formation of cobalt phosphate. Under 
optimal conditions, the activity in veronal buffer was considerably less than 
in phosphate buffer. 

The variability of the enzyme activity with pH in the presence of optima 
cobalt concentration is shown in FIGURE 1. A single maximum occurs at about 
pH 7.7. This curve differs characteristically from that obtained with serum, 
which is made up of three peaks, at pH 6.2, 6.8, and 8.0. The absence ir 
leukocytes of a cobalt-sensitive activity with optimum at pH 6.8 was furthel 
substantiated when an enzyme preparation was incubated with Cot for fow 
hours without loss of activity. Such experiments, when extended to the regior 
of pH 7.7, also proved that the activation by Cot+ does not require time. 

The glycylglycine-splitting enzyme is not very stable. When a solution o 
leukocytes, buffered at pH 6.3, was allowed to stand at 4° C. for two days 
more than half of the original activity was lost, apparently by an irreversibl 
process. Almost inactive preparations were obtained after incubation fo 
six hours at 38° C., followed by dialysis at 4° C. The glycylglycine dipept 
dase appears to be located in the soluble part of the leukocytes. This conclu 
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mn was reached from the observation that an ultracentrifugate (35,000 X g) 
an isotonic dilution of previously frozen cells contained about 88 per cent of 
2 activity of another aliquot of the same cells which had been frozen and 
ed with water but not centrifuged. The experiment showed at the same 
ne that freezing alone causes cytolysis of the majority of cells. A study of 
e kinetics of the glycylglycine hydrolysis under optimal conditions revealed 
e parameter r’ = 1.0, that is, a reaction halfway between first order and 
ro order. The average activity and standard deviation in the cells from 25 
rmal persons was determined to be @ = 37 + 10. 

It has been shown? that the hydrolysis of glycylglycine by human serum is 
tivated more by manganese than by cobalt ion. For this reason, the effect 
Mn** on leukocyte preparations was reinvestigated under conditions which 
d proved most favorable for the testing of the serum enzyme, namely veronal 
iffer of pH 7.4 and high concentrations of Mn**. All ions normally present 
serum were also added to the reaction mixture. Of the different concentra- 
ms of Mn* tested, 2 X 10-* molar proved to be the optimum just as in the 
se of serum. However, with leukocytes the activity was only about one 
th of the optimal activity in the presence of Cot*, provided the same buffer 
as used. It is not known whether the two ions activate the same enzyme. 
The hydrolysis of glycylglycine by lymphocytes. The cell preparations ob- 
ined from lymph nodes showed the same behavior as blood leukocytes with 
spect to pH-optimum, maximal cobalt concentration, lack of a peak at pH 
8 and lower activity in veronal buffer, as compared with phosphate buffer. 
owever, per unit cell, the activity of lymphocytes was noted to be consider- 
ly higher than that of normal blood leukocytes; namely, 6 = 70 and 71 in 
yo different preparations. Similar results were obtained on the leukocytes 
jlated from the blood of two patients with a high degree of lymphocytosis. 
| one of these, the differential lymphocyte count of 88 per cent was caused by 
fectious mononucleosis; the leukocytic glycylglycine dipeptidase had the 
tivity, @ = 74. The other patient was a 2-year-old boy in whom the cause of 
e lymphocytosis was not known. His blood leukocytes contained 77 per 
nt lymphocytes with an activity, 9 = 64. 

The hydrolysis of other dipeptides by leukocytes from normal blood. A number 
‘other dipeptides were used as substrates for leukocytic peptidases. Those 
mtaining leucine and several other of the heavier amino acids were found to 
: split by a separate enzyme which will be the subject of another publication. 
he results on the hydrolysis of some lighter peptides in the absence and pre- 
nee of cobalt ion are summarized in TaBLE 2. While racemic preparations 
ere used, there was no indication of any significant hydrolysis of the un- 
‘tural D-forms. On the other hand, the possibility of competitive inhibition 
‘the hydrolysis of the L-peptides by their D-isomers must be kept in mind. 
he figures show that only glycyl-L-serine is activated by Co**, though to a 
sser degree than glycylglycine, but it is not possible to say, at this time, 
hether the two substances are split by the same enzyme. The hydrolysis of 
ycyl-L-alanine is not affected by Cot; that of L-alanylglycine and glycyl-L- 
line is actually inhibited. This fact makes it quite convincing that these 
ree peptides are not attacked by the glycylglycine dipeptidase but by different 
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TABLE 2 
Hyprotysis oF VARIOUS DIPEPTIDES BY NORMAL LEUKOCYTES 
(pH 7.7; 1.5 X 108 cells per ml.) 


Ton 
None 10-4 molar Cot* 

ahr? 4 hr.* 10 hr.* 2 hr.% 4 hr.* | 10 hr.* } 

Pp 
Glycylelvcine sme. pire eee .09 12. .29 non! afk 1.00 
Mlanvlelcne Me oes Neer Got 94 .95 1.00 .46 .78 88 
Glycylalanineea-m boride tte .56 .79 .98 .58 .78 1.00 
Glycylserine pamtecs acters <. otcietens .30 48 .80 66 .92 1.00 
Glyeylyalines yr. sce ses .80 .89 1.00 -46 .76 91 
Acetylgly. cine arias see rans. += .02 .03 .07 -02 04 .09 


* Reaction time. 


enzymes. The high rate of the hydrolysis of L-alanylglycine, already observed! 
by Husfeldt in 1931," is noteworthy. Acetylglycine, which lacks the free 
amino group of glycylelycine, is split very slowly, and Co** has little if any 
effect. These results conform to the findings on the high substrate specificity 
of the glycylglycine dipeptidase from rat muscle and human uterus.” 
Tripeptidase activity in leukocytes from normal blood. This enzyme hy- 
drolyzes one of the two peptide bonds of glycylglycylglycine and presumably of 
other tripeptides, as well. It has previously been reported to be present in 
the buffy coat obtained by centrifugation of blood in constricted tubes. The 
enzyme was tested in the presence of cobalt ion, and a significantly higher 
activity was claimed to occur in the cells of old people: In the present study, 
cobalt was not used routinely, since the tripeptidase is highly active by itself, 
and since Cot* activates the glycylglycine dipeptidase; this makes the tri- 
peptidase reaction difficult to evaluate, particularly in cases in which the 
tripeptidase activity is low and the dipeptidase activity high. In order to 
determine whether cobalt has an activating effect on the tripeptidase, initial 
reaction velocities should be determined in the presence and absence of this 
ion. This procedure was followed in the reactions shown in FIGURE 2. It 
can be seen that, under the conditions of the experiment, Cot++ caused about 60 
per cant activation. In the absence of Co*+, the reaction kinetics had a para- 
meter r’ = 2.4. In the presence of Cot, the kinetics appeared to have some- 
what more zero-order characteristics, but this finding was probably due to the 
superimposition of the dipeptidase reaction. The optimal pH was determined 
to be 7.0, as shown in ricurE 1. This pH-curve is very similar to the curves 
obtained with serum? and erythrocytes,’ but differs from the curves obtained 
with human tissues, such as liver and intestinal mucosa,® which have pH- 
optima between 7.6 and 7.8. It was thought that the shape of the pH-curve 
of the leukocytic enzyme might perhaps indicate the presence of smaller a- 


mounts of an alkaline tripeptidase. Apparently, this is not the case, as will 
be shown later. 
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"IGURE 2. Kinetics of the leukocytic tripeptidase reaction (GGG). 0, no ion; x, with 10-3 molar Co**; 
.at pH 7.0 with 7.8 X 105 cells per ml. 


To test whether the tripeptidase contains a metal ion or other coenzyme, a 
kocyte preparation was dialyzed at pH 3.8 and 25° C. for three hours. The 
lyzable portion was then concentrated in vacuo and recombined with part 
the dialyzed enzyme. The other part was tested by itself. The result 
ywed that 85 per cent of the original activity was destroyed and could not be 
overed by adding the low-molecular fraction. In this respect, the leuko- 
ic tripeptidase seems to differ from the tripeptidase in duodenal mucosa of 
hog. In another similar experiment, it was seen that Cot+ is also unable 
effect reactivation. Subsequently, this problem was attacked with the help 
the chelating agent ethylenediamine tetraacetic acid (EDTA). The inacti- 
tion of the tripeptidase by EDTA depended on the time of contact as well as 
the pH, as is shown in FIGURE 3a. The effect of EDTA on the enzyme 
ring the hydrolysis of glycylglycylglycine is, of course, not known. While 
s conceivable that the peptide exerts some protective effect, such an assump- 
n has not been made in the plot. FicurE 3b shows how the inactivation at 
[ 7.0 depends on the concentration of EDTA only within a narrow range. 
concentrations of EDTA in excess of 10~ molar, the inactivation remains 
astant. ‘These findings seem to indicate that active tripeptidase is a metal 
mplex which reacts with hydrogen ion, but its equilibrium in the absence of 
TA is very much in favor of the metal complex. 


1018 Annals New York Academy of Sciences 

c 100 pe=—=___ 

aS Se ~"o——1_2 

Ww . 

8 YY We pH Weve 150 

3 Xx ° 

g > 

(e250 ; @ 100 

scam pH2o 

e 

8 XN 50 

y pHe3 

% (= al Se eet a ae : 

O 1 2 3 4 = 6 
Hours of preincubation -109 [EDTA] 
with EDTA 


Ficure 3. Effect of EDTA on the leukocytic tripeptidase reaction. [ 1 
EDTA varied. [b (right)] Concentration of EDTA at pH 7.0 varied; preincubated 2 hrs. All with 2.8 X 
cells per ml.; reaction time 4 hr. 


[a (left)] Time of preincubation i 

Tt could not be excluded a priori that the pH-dependence of the EDTA 
inactivation is a reflection of the presence of two tripeptidases with differen 
susceptibilities to this chemical. A leukocyte preparation was, therefore 
partially inactivated with EDTA at pH 6.3; aliquots were then adjusted td 
different pH-values; and the tripeptidase activity was measured. The resul 
ting pH-curve of the remaining activity was similar to that of the initial acti} 
vity, and it thus indicated the presence of only a single tripeptidase in leuko} 
cytes. 

The EDTA-inactivated tripeptidase may be reactivated by Cott, Zn*+ 0 
Mn", provided these ions are present in concentrations of at least 10-* mola 
(TABLE 3); the greater effect of Cott is clearly seen. Whether all three ion 


TABLE 3 
INACTIVATION OF TRIPEPTIDASE (GLYCYLGLYCYLGLYCINE) BY EDTA AND 
REACTIVATION BY Merat Ions 


(pH 6.3; 3.9 X 10° cells per ml.; time, 4 hrs. All concentrations refer to the 
final mixtures.) 


———— 


Pp 
EDTA* Tont 
10-5 molar | 10-4 molar | 10-3 molar 

0 None .78 
Oe None .05 
10=* Cot+ .05 84 .96 
107 Znt+ .07 .79 .59 
10m Mnt* .04 .64 .60 


* Preincubated 6 hr. at 38° C. 


t Not preincubated. 
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> capable of a direct activating effect on the enzyme or only replace one active 
1 from its complex with EDTA cannot be decided at this time. 

It should be mentioned that preincubation of the inactive enzyme with the 
stal ions did not produce any additional activation. This reaction shows 
at the activation by metal ion proceeds at a much faster rate than the inacti- 
tion by hydrogen ion. 

In an attempt to determine the nature of the endogenous metal activator, 
ikocyte preparations were inactivated almost completely with EDTA at pH 
3, followed by thorough dialysis against the same buffer at 4° C. The result 
is entirely unexpected, for it showed that the dialysis had completely re- 
rsed the inactivation by EDTA. Apparently, the metal complex of EDTA 
not in a form which can pass through a cellophane membrane, though it 
ust be in equilibrium with free EDTA. 

Because such preparations were nearly free from interfering dipeptidases, 
ey have been found particularly useful for studying some properties of the 
peptidase. The activation by cobalt, for instance, could be confirmed. 
ich preparations also showed strong activity with two other tripeptides, 
leucylglycylglycine and D,L-alanyl-gylcylglycine. In the latter case only 
e L-form was hydrolyzed. Both reactions came to a standstill after one 
nd had been broken. The kinetics of the hydrolysis of these two substrates 
owed much more zero-order characteristics than that of glycylglycylglycine, 
that algebraic functions may be used up to at least 70 per cent hydrolysis 
thout introducing a significant error. The rates for L-leucylglycylglycine 
\d L-alanylglycylglycine were, respectively, about 40 and 120 per cent greater 
an for glycylglycylglycine. The relatively higher rate of L-alanylglycyl- 
ycine as compared with that of L-leucylglycylglycine was already noted by 
usfeldt.! L-leucylglycylglycine is particularly well suited as a substrate to 
“termine which of the two bonds is attacked by the enzyme. Paper chromato- 
aphy of the product of the tripeptidase reaction showed the presence of 
ycylglycine. The other constituent could not be identified, since leucine 
1d leucylglycine traveled at the same rate. T his result indicates that it is 
e bond nearest the free amino group which is hydrolyzed.* The tripepti- 
se, like the glycylglycine dipeptidase, is found predominantly in the soluble 
action of an ultracentrifugate, regardless of whether cytolysis has been ef- 
cted by freezing alone or in combination with hypotonicity. 

With glycylglycylglycine as the substrate, the average activity and standard 
“viation in the cells from 25 normal persons was 151 + 36. This group 
cludes three healthy men, 61, 71, and 79 years of age, whose activities were 
rt significantly different from those of younger people. Likewise, there was 
) greater activation by added Cot in the older than in the younger age group. 
Tripeptidase activity in lymphocytes. In lymphocytes isolated from lymph 
des, the tripeptidase had the same pH-optimum, but the activity was very 
uch lower than in the average leukocytes from normal blood. The two 
mphocyte preparations showed these activities, @ = 37 and44. The activity 
as similarly low in the leukocytes isolated from the blood of the patients 


* Tam indebted to Doctor Eunice Flock for this determination. 
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with exceptionally high lymphocyte counts. For the first patient, suffering 
from infectious mononucleosis, the activity was @ = 47; for the second, = 88. 
It could be concluded that the low tripeptidase activity of lymphocytes is due ; 
to lack of cobalt, since there is no significant difference in the activation by Co 
between these cells and the normal leukocyte mixtures. 4g 


Summary 


(1) Leukocytes contain a glycylglycine dipeptidase which is active 
specifically by cobalt ion and shows optimal activity at DH ar: Lympho- 
cytes appear to be significantly more active than polymorphonuclear leuko- 
cytes. The glycylglycine-splitting activities of serum with optima at pH 6.2 
and 6.8 are not seen in leukocytes. 

(2) Several other dipeptides are split by preparations of leukocytes, but if 
different enzymes are most probably involved in these reactions. 

(3) Leukocytes contain also a tripeptidase which hydrolyzes various tripep- 
tides at the bonds adjacent to the amino group. This enzyme is more stable§ 
than the glycylglycine dipeptidase. With glycylglycylglycine it has an opti- 
mum at pH 7.0. It is a metal protein and is activated somewhat more by 
cobalt ion. Lymphocytes contain very much less tripeptidase activity than 
polymorphonuclear leukocytes. 

(4) Both the glycylglycine dipeptidase and the tripeptidase are present in 
the soluble fraction of leukocytes. 
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Discussion of the Paper 


Myron TANNENBAUM (New York University, New York, N. Y.): A knowl- 
lge of the mechanisms of the synthesis of proteins, or their precursors, should 
‘ove important in the solution of problems relating to the biochemistry of 
ood formation in health and disease. Until very recently, the proteases or 
idopeptidases, and the peptidases or exopeptidases, have been assayed for 
id studied from a hydrolytic approach. Bergmann has suggested that these 
zymes might catalyze protein and peptide formation i vivo by mass action. 
- has been shown by Fruton and his associates that peptide synthesis can 
cur by transamidation and transpeptidation reactions. In the light of these 
ndings, it might be profitable now to examine the kinetics, mechanisms of 
hibition, and the relation of carbohydrate and fat metabolism to the synthe- 
¢ actions of the peptidases. 

In our own studies, we have detected the hydrolysis of glycylglycine, and 
lycylglycylglycine by rat bone marrow. The proteolytic coefficient, or the 
ite of hydrolysis of these synthetic substrates is very large for bone marrow 
; compared to other tissues, e.g. plasma and blood cells. It may well be that 
1ese enzymes assist in the synthesis of blood cell proteins. 


OXIDASE AND LIPASE OF THE LEUKOCYTE 


Research Work that Resulted in a Chemical Blood Test to Detect Infections} 
by Acid-Fast Bacilli ; 


By Paulo Seabra 


Academia Nacional de Medicina, Rio de Janeiro, Brasil 


As emphasized by Doctor Doan et al. in his paper “Maturation of Myelo- 
blasts,” the oxidase content of the neutrophil shows the degree of its matura- 
tion! but, at the same time, Fiessinger, in his very good book on leukocyte | 
concluded with these words “‘the method which would permit a judgment on the} 
functional conditions of the leukocyte is still to be discovered.’ 

I was endeavoring to find such a method when Loele published his process 0 
stable oxidase staining of myeloid leukocytes.’ 

The blood smear is fixed with formaldehyde vapor, covered with a “mordant} 
solution” containing a-naphthol and is oxidized, giving a pale brown color wi nF 
an intensity proportional to the oxidase activity. The smear is then washedy 
with water and covered with a gentian violet solution. A-naphthol adsorbs thei 
gentian violet and becomes stained a blue color. The final result is that the) 
blue color is observed where the oxidative reaction took place, and the intensity) 
of the blue color in cells is proportional to the activity of the oxidase in that ce | 
or granulation.* I tried this method with thoroughness but, in spite of the 
wonderful stability of the blue stain, its intensity was very variable in smear. 
of the same blood. 

Loele uses alcohol in his staining solutions, and I verified the fact that thi 
substance activates or inhibits the oxidase action according to the stage reachedij 
in the drying process of the blood smear. For this reason aqueous solutions were} 
substituted for alcoholic solutions, and satisfactory regularity was obtained. Af 
color scale going from white to blue in six steps was used as a standard to meas- 
ure the color intensity. F1curE 1 reproduces this scale and gives an example of? 
four neutrophils: “A” showing intensity 1; “B,” intensity 2; “C,”’ intensity 3; 
and “D,” intensity 6. 


i 


I do not refer to the quantity of oxidase used, but only to its activity because, 
as emphasized by Ammon,* in regard to enzymes, we do not know whether the 
variations in activity are caused by variation in the amounts of the enzymes 
present or by variation in the amount of the elements that activate or inhibit! 
their action. 

The enzymatic character of the staining process is demonstrated by heating.: 
Grapu 1 shows the intensity of the blue color and consequently the oxidase ac 
tivity as a function of the temperature. We can see that as the temperature 
goes up there is a progressive activation of the enzyme up to 75° C. followed bys 
a sudden fall at 80° C. arriving at “O” at 100° C. 

In FIGURE 2, “A” is a neutrophil of an apparently healthy man. ‘B” is 
from the same blood, but the smear was heated at 100° C. for 10 minutes. “@” 


* See Appendix, Technique I, page 1045. 
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Ultraphot Zeiss - Obj. immersdo Zeiss 90x - Ocular 
Foto Zeiss 18 x ~ Tir. da camara 35 cm. - Ampl. 1200 x 


° 1 2 3 4 5 6 


FicurE 1. Se | 
>) activity 3; (d) activity 6. 


Oxidase activity in the neutrophils according to the blue violet scale: (a) activity 1; (b) activity 23 


nd “D” represent the same experiment made with rabbit blood.* The inac- 
ivation is obtained also by HCN, which corroborates that the enzyme is oxi- 
lase. 

In the healthy man, the oxidase is found in the eosinophils (intensity 1 or 2) 
nd in the neutrophils (average intensity 3), but in some syphilitic patients 
vhose treatment is beginning, there are neutrophils with oxidase 5 and even 6. 
Co have an estimate of the oxidase blood power, these values must be tabulated 
nd related to the number of leukocytes in the blood. Special record-cards for 
his purpose (FIGURE 3) were designed with 100 spaces to mark the negative 
yxidase leukocytes and the value of each oxidase positive. Addition of the 


* See Appendix, Technique II, page 1047. 
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GRANULOCYTIC OXIDASE 
INFLUENCE OF HEATING 


(Three different patients) 


Oxidase Intensity 
(average of 100 leukocyles) 
4 


.¢) 10 20 30 40 50 60 7O 80 90 100 
Temperature of the Mordant in Centigrades 


GrapH 1. Demonstration of the enzymatic character of the staining process. 


EFicurE 2. Demonstration of the enzymatic character of the oxidase stai 


the smears (b) and (c), Smear (c) is in close proximity to a lymphocyte ned by prior heating to 100° C. of 
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Ficure 3. Special card for recording and calculating the oxidase index. 
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values found in 100 leukocytes expresses the leukocytic oxidase. By multiply- 
ing this number by the hundreds of leukocytes in each cubic millimeter and 
keeping only the first decimal figure as shown in FIGURE 3, the oxidase index is 
obtained. 

Frcure 3 shows the oxidase index, 16.2, of a healthy man, the index 58.5 of a 
syphilitic man, and the index 12.4 of a rat. The average for a normal man is 
LZ 

I introduced the oxidase index in 1940, and many important papers based on 
it were published in several countries’ but I recognize that personal factors 
in evaluating the blue color of each leukocyte reduces its accuracy. 

Going now to another stage of this work: all the stained smears have a pale 
blue aspect whose intensity, I observed, varies from one person to another, 
This staining presents the same enzymatic characteristics as that of the neu- 
trophils, but it was rather difficult to locate the enzyme in the plasma or in the 
erythrocytes, because both appear almost unstained under the microscope. 
Meanwhile if, in the same microscopic field, we examine an untreated region of 
the smear, a region treated only by the mordant, another treated only by gen- 
tian violet and, finally, another treated by both, only in this last portion can we 


FicurE 4, Illustration of the erythrocytic oxidase. In th i i 
J } 3 , e same micro : 
erythrocytes; (b) erythrocytes treated with a-naphthol; (c) treated with zenten pean ae aT oe 
a-naphthol and gentian violet. These are the only erythrocytes to become stained y Se 
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Ficure 5. Illustrating hypereffusion. The oxidase, in a thick and viscous liquid, leaves the neutrophil and 
nvelops those erythrocytes in close proximity. The degree of intensity of hypereffusion is rated as 1, 2, or 3. 


ee the blue color, and this color is not in the interglobular spaces but in the 
rythrocytes (FIGURE 4).* 

Therefore, the mammalian erythrocyte has some oxidase, although the texts 
lo not mention it. It appears to me that this small amount of enzyme comes 
rom the neutrophils by physiological effusion. 

This hypothesis was suggested to me by the fact that it is very common to 
snd in the blood smears, close to perfect neutrophils, others in which the oxi- 
jase effuses as a viscous liquid and agglutinates the erythrocytes nearby. 
Chere is, therefore, a variation in the stability of the neutrophils, and the hyper- 
ffusion is a sign of instability. 

To find an approximate measure of the stability of the neutrophils in a blood 
sample, a hypereffusion test was conceived. ‘The intensity of coloration of the 
srythrocytes close to each neutrophil is evaluated and expressed in degrees 1, 2, 
yr 3, as shown in FIGURE 5, and the total reading of the smear is expressed as 
—), (4), (EH), (E44) or (+ +4+4).* 

Tabulating the results of the hypereffusion test made on blood of 50 indus- 
‘rial workers (CHART 1), it was found that there is a marked difference in the 
stability of the neutrophils in some people as compared with others. Look- 
ing for some endocrine influence, CHART 2 was obtained, suggesting that hyper- 


* See Appendix, Technique III, page 1047. 
** See Appendix, Technique IV, page 1047. 
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Cart 1 
HivpEREFFUSION TEST 
Fifty apparently healthy workers 
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Results 


Date (1942) No. . Name Results Date (1942) No. Name 
StS) +]| October 20 | 28 javic 
ar : ; a 1 = 29 B. M. 
3 evi, + 30 Me Rs 
8 4 eG: as Aji Bas: 
5 DAS: 25 32 PNAS 
6 M. R.G. ej ZA 33 IN. A. 
7 AEA = 34 INGE 
8 Vela) Bs a 35 qT. M: 
9 (Onis = 36 YeG 
10 10 Crs =e 37 ia Be 
11 Werke a 38 M. C. oa 
12 N. V. Sis 39 D: B: 
Shel ae O)- — 40 Dp ASy +|+ 
14 14 Avis = 27 Al LN 
1G ja ass = 42 EK. Me + 
16 A. P. + 43 EARS 
17 M. A. == 44 ESS: — 
18 V. M. V. = 45 1 i 2 +/+ 
15 19 WR. + 46 PP RM: +/+ 
20 Aegis +)+ 47 Thatey + 
21 i de = 48 ORG 
PRN Ve Be Stat 29 | 49 TeelS: 
i] po eA aeue 50| V.F. oe 
24 TeMes: = 
2S Owns: Salata 2 
26 Ne Ce + )+ 
The Lees aaat 


Results appearing only on the first column (—, + and + 
Results appearing on the other columns also (++, +++ and +++-4) 


The Hypereffusion Test shows that there are persons whose neutrophils are more stable than 


others. 


CHART 2 


Leukocytic OxIpDASE IN CASES witH HypoTHyrEOsIs AND HyPERTHYREOSIS 
(Patients from the Department of Endocrinology, General Polyclinic, Rio de 
Janeiro, Brazil) 


On some days, hypereffusion is observed to be more intense than on others 


Hyperthyreosis Hypothyreosis 
Name Oxidase in 100 leukocytes Name Oxidase in 100 leukocytes 

Ratio Ratio 

Sole 186.0 D. M. 248.5 

(Cyisy 13 104.5 INS ING ACE 242.0 

1m, 18): 188.0 E. A. G. JARS) 

B. B. B 228.5 1D), 12 193.0 

5: G: 166.0 

Tie Vis} 188.0 176.8 225),2) 


Hyperthyreosis patients presenting low leukocytic oxidase due to high leukocytic 
instability 
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DAILY VARIATIONS ACCORDING TO INDIVIDUAL STABILITY’ AND ATMOSPHERIC PRESSURE 


BAROGRAPHIC CURVE 
SATAN 


H.K 


Fsbartl 


444444444444 444a aad 
4Hadadda > HHA dd AAA AHA HAA HAS 
44444444445 44444 4444444444 
4444444 ad dannad tee AHHH 
244d 444d 4d 644 bAdstaG sy 1 eee ee 
444444 64445 1444 Sa4aa4-444 
Heed dade adda 14441555 

4444 Aq A AHA A TD HHA 

444444 44444444 444 4S 

HH ed 4q deat atdadaa tote i A 

4a dads = Ga4 44444 e4daa4 

oo Se fg saa 
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RAPH 2. Demonstration showing that hypereffusion is more intense during periods of atmospheric depression. 


hyreosis contributes to hypereffusion with leukocytic oxidase average 176 
vhen the hypothyreosis averaged 225. 

Carr 1 also shows that there is a noticeable variation in the intensity of the 
ypereffusion from day to day. Many factors were examined in the search for 
n explanation of this variation. It was finally observed that the barometric 
sressure was the factor involved. Grapu 2 shows the hypereffusion curve of 
ix persons, and the variation in barometric pressure for the same period. It 
an be observed that the two waves of high hypereffusion correspond to the two 
trong drops in the atmospheric pressure. 

Considering that intense atmospheric depressions induce agitation in the 
nentally unstable, it should be interesting to check up any relationship between 
eutrophilic hypereffusion and mental agitation in an institution for the men- 
ally ill. Blood was taken at the same moment from patients under agitation 
nd from patients while calm. The results, in CHART 3, show an intense hyper- 
ffusion in the patients under agitation. This finding is mentioned here only 
s a stimulus to further work in this field. 
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CuHart 3 
HYPEREFFUSION TEST 
(Mentally unstable patients, during periods of calm and agitation) 


Results 
Period of Patients Diagnostics 
cla = =o - 
Calm A. Alcoholism and epilepsy x 
xe 
x 
Mac: Paranoid schizophrenia x 
x 
x 
A. Manic-depressive psychosis x 
x 
x 
F. O. Autotoxic psychosis x 
x 
x 
Agitation L. Mental debility and schizophrenic xe 
reaction x 
x 
MC: Manic-depressive psychosis x 
xX 
x 
Nig APs Schizophrenia xg 
x 
Mia Bs Alcoholism-syphilis 5 
a 


The mentally unstable in agitation periods shows high neutrophil instability 


An effort was made to understand the atmospheric pressure influence on the 
oxidase effusion. ‘The first step was to observe that the oxidase shift from the 
white to the red cells is not a consequence of a uniform dissolution of the en- 
zyme, for, in many smears, close to the stained erythrocytes, we can see the 
neutrophil with empty spaces of one or more granulations that attracted the 
enzyme. FIGURE 6 is an example of this. 

My hypothesis was that the neutrophil granulations are formed by a sur- 
rounding membrane containing the enzymatic viscous liquid. 

Rebuck’s splendid electron micrographs (FIGURE 7) bring strong support 
to this hypothesis, as he himself emphasized, because the granulations appear 
more transparent in the center than at the periphery, contrary to the way 
they would appear if they were homogenous solids. 

If the surrounding membrane has a progressive maturation process, we can 
understand that, in each neutrophil, only the granulations that are already ripe 
do not resist atmospheric decompression and burst. In similar fashion, the 
ripe membrane does not resist the contraction produced by the formol vapor 
which is used to fix the smear in the staining process. When covering the slide 
with the liquid “mordant,” the enzyme of the ruptured granulation is diluted 
and spreads as shown in FIGURES 5 and 6. 


The membrane of the broken and empty granulations, free from any oxidase 
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Ficure 6. Not all neutrophils are affected by hypereffusion. There is not a uniform dissolution pattern of 
the enzyme for, in close proximity to the overstained erythrocytes (a), we occasionally see empty spaces left in 
the neutrophil by the transferred enzyme (b). 


at the neutrophil granulations are less dense in the 
hypothesis that these granulations are formed by a 


Ficure 7. Rebuck’s electron, micrographs show th ; 
center than in the periphery, which supports the author’s 
fluid contained by a membrane. 
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Ficure 8. Two crushed neutrophils: (a) granulations scattered but retaining their oxidase content; (b) some 
empty membranes of burst granulations; (c) oxidasic liquid effused from burst granulations. 


content, may be seen by crushing the neutrophils when making the smear. 
This result is accomplished by pressing one slide strongly against the other. In 
A, FIGURE 8, close to two crushed neutrophils, we can see scattered granula- 
tions retaining their oxidase content. B shows the outline of some membrane 
from granulations that burst and therefore were not stained. The oxidase 
effused from such membrane is found nearby as irregular spots, some of which 
are shown in C. Now we may understand that if an animal is exposed, not to 
the normal atmospheric decompression, but to a violent one, as ina vacuum 
chamber, there occurs a paroxysmic hypereffusion, 7.e., not only do the ripe gran- 
ulations burst, but all of them; therefore, the neutrophils become completely 
empty of oxidase. F1GuRE 9 shows this experiment in a monkey. Before the 
decompression, the animal’s neutrophils are normal; with a weak decompres- 
sion (602 mm.), the intense bursting of the granulations begins; and when the 
pressure is reduced to 254 mm., the neutrophils are without any oxidase at all. 
The same thing happens to a man when he suddenly flies to a high altitude in a 
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760 mm. 602 mm. 254 mm. 


FicurE 9. Blood from a monkey which has been submitted to decompression. Its neutrophils progressively 
lose the oxidase. 


plane not equipped with pressurized cabins. Ficure 10 represents the blood 
of a man before and during his first flight. One smear was made before the 
plane left the ground. The neutrophils are rich in oxidase. In the blood taken 
at an altitude of 1000 meters (3280 feet), the neutrophils appeared poor in oxi- 
dase but the erythrocytes remain almost unstained. At 3500 meters (11,480 
feet), the hypereffusion is paroxysmic, the erythrocytes are strongly stained, 
and the neutrophils seem completely empty of oxidase. 

My attention was then directed to the birds, the natural fliers. Nothing 
happens in the oxidase picture of the birds. Nature was wise enough; the oxi- 
dase is already in the erythrocytes and not in the neutrophils, as shown in 
FIGURE 11. 

To make FIGURE 11 more striking, only half the area in each of the four mi- 
croscopic fields was treated with the a-naphthol mordant, so that we may con- 
front, in the same microscopic field, cells that are stained to oxidase and those 
that are not stained. The difference that we observe is that, in man, the oxi- 
dase is in the neutrophil and, in birds, it is in the erythrocytes. A natural low- 
altitude flying mammalian, the bat (Molossus rufus), appears as a transition, 
in which the neutrophils are less stained and the erythrocytes more so as com- 
pared with man. Thanks to the Brazilian Air Force we were able to make 
some experimental flights. GRAPH 3 represents results obtained in a fourth of 
these flights. We can see that, as the plane goes up, the leukocytic oxidase 
goes down. It is known that the blood glycolytic agent is located in the neu- 
trophils;!®" for this reason, it seemed interesting to find if this intensive shift 
of the oxidase has any influence in the glycolytic function. A glycemia fall 
was observed parallel to the fall in oxidase, which suggests the importance of 
‘hypoglycemia in aviation medicine.” 


O om. 1000 m. B500 mm. 


FicurE10. The blood of a man after his first unpressurized airplane flight shows paroxysmic hypereffusion. 
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Frcure 11. Comparing the two half fields in each smear, we see that in the mammal the blood oxidase is 


located in the neutrophil and that, in the birds, it is in the erythrocytes. The bat appears asa transition stage 
between the two. 


The paroxysmic hypereffusion results in an overcharge of oxidase on the 
erythrocytes which may be beneficial, because hemoglobin needs oxidase to be 
oxygenated efficiently, as Thomas demonstrated; and when the animal is 
anoxemic by excess of nitrogen in the atmosphere, a strong oxidase supply helps 
its survival.!® 

As a first approach to the study of the possible advantages of this erythro- 
cytic oxidase overcharge, an experiment was made to observe the influence of 
decompression on the rate of growth of young rats. Several lots of rats of the 
same breed were divided into two groups. One group was decompressed daily 
for a few minutes ina vacuum chamber. The other group was kept as control. 


Seabra: Leukocytic Oxidase and Lipase 1035 


LEUCOCYTIC OXIDASE DURING THE FLIGHT 


[ALTITUDE] FOURTH EXPERIMENTAL FLIGHT 
ON APRIL 6TH, 1943 


PREVIOUS| INTERV: 
PACIENT] KEY [Pr gia |mmoer are 
f .| TODAYS 
18 DAYS 
20 DAYS 
20 DAYS 


2.000] 6.561 


jes oA SS. 7 


GOING UP 50 min. |&=s| DAYS AFTER FLYING 
The same effect occurs with glycemia. 


GrarH 3. As the plane goes up, the leukocytic oxidase goes down. 


Grapu 4 shows the growth curve for the two groups. One can observe that the 
decompressed rats grow heavier in the first 12 weeks, but that, from there on, 
their weight increases more slowly than does that of the controls. By this time, 
the neutrophils of the decompressed rats are bereft of oxidase (FIGURE 12). 
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GrapH 4, During the first 11 weeks, the daily decompressed rats developed with greater rapidity, but later 
the undecompressed ones showed advantage in weight. 


Tn FIGURE 12 normal rat and mouse blood are compared with blood from the 
same animals decompressed daily for 60 days. In this same figure, we com- 
pare the blood of a man who has never flown with the blood of a professional 
flyer taken in the morning before the latter’s daily flight. The blood in the 
latter case shows signs of adaptation presenting the oxidase picture of the bird; 
the enzyme is in the erythrocytes and sometimes agglutinating them, as in the 
point marked by an arrow in FIGURE 12. The neutrophils have no oxidase. So 
what can be said when we hear from all authorities that the neutrophil defense 
capacity is indicated by the amount of oxidase??? We were able to demonstrate 
that rats brought to such a condition are less immune to the Spirochaeta gallina- 
rum,” a microorganism which normally infects only the birds. 

Going back to GRAPH 3 we see that, when the plane descends and lands, the 
average leukocytic oxidase goes up, reaching the normal level, for the neutro- 
phils that were resting in the blood reservoirs, such as the spleen, now go into 
the circulation under the visceral compression produced by the plane’s loss of 
altitude. Shortly after a flight, a blood smear shows many neutrophils with 
oxidase intensity 1 and 0, together with many with an intensity of 4 or 5, while 
in a blood smear taken before the flight, almost all leukocytes will have pre- 
sented an intensity of 3. 

This fact indicates that the neutrophil loses its oxidase when it leaves the 
reservoirs and goes into circulation. This phenomenon is easy to understand 
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Ficure 12. In mammals undergoing daily decompression and in men taking alpine flights daily, the blood 
is similar to that of birds, oxidase being found in the erythrocytes, not in the neutrop hils. Sometimes the enzyme 
appears scattered, agglutinating the erythrocytes, as shown by the arrow. 
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if we remember that, during the blood circulation, the neutrophils suffer a phys- 
iological crushing. The diameter of the capillaries, we know, is smaller than an 
erythrocyte and much smaller than the diameter of a neutrophil. When we 
look through the microscope at the capillary circulation in the mesenterium of 
a rat, as shown in FIGURE 13, we can see that the neutrophil has been squeezed 
through the elastic capillary, as represented in FIGURE 14. I believe that it is 
at this moment that the ripe membrane surrounding the granulation bursts 


Ficure 13. 


Observing the capillary circulation in the mesenterium of a living rat 
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Frcure 14. Schematic diagram showing how the neutrophil is squeezed as it passes through the capillary. 


and pours out its viscous enzymatic content to be adsorbed by the erythrocytes 
nearby. The viscous consistency of this fluid may possibly account for the 
agglutination of the erythrocytes as coin stacks. 

But what induces the surrounding membrane to maturation? The clue for 
finding the ripening factor of the surrounding membrane was taken from the 
observation that the leukocytic oxidase level is raised in tuberculosis. In the 
tubercular patient, the granulation seems to burst less, for the enzyme accumu- 
lates in the neutrophil. Grapu 5 shows the oxidase index going up as the 
disease advances. 

The same GRAPH 5 confirms many authors,”” showing that tuberculosis 
reduces the serum lipase activity, as does leprosy,” for the virulent acid-fast 
bacilli produce a lipase inactivating substance named by Calmette antilecithin- 
ase and, by Middlebrook, Factor P.? 

Wells, DeWitt, and Long, who mention the statement of Kollert and Frisch 
_that lipase is connected with immunity to tuberculosis, pointed out that “as a 
matter of fact the technical difficulties are so great in the quantitative study of 
fat cleavage that virtually all the work reported as on lipase activity really con- 
cerns esterases splitting ethyl butyrate, triacetin, or tributyrin.””* 

Kraut and Burger confirmed that the work with tributyrin only confused the 
lipase study in tuberculosis. By utilizing as substrate a true fat extracted 
from the bacillus, they concluded that the blood hydrolyzes this fat not by the 
pancreatic lipase but only by the leukocytic lipase.” 

Barnes, working carefully with cats, confirmed more recently the claims of 
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GraprH 5. Tuberculosis induces high oxidase index and low lipase index. 


Fontes, Bergel, and Fiessinger that the lymphocyte is the leukocyte that pro- 
duces lipase.*° 

Knowing this fact, it is possible to assume that, if the surrounding membrane 
of neutrophil granulation has a lipidic nature, as has the surrounding membrane 
of the acid-fast bacilli, the lipase produced by the lymphocytes may hydrolyze 
the granulation membranes that are in the neutrophil periphery, ripening it. 

But to accept this hypothesis, it would be necessary to prove first that the 
surrounding membrane of the neutrophil granulation is acid-fast, because, as 
Lamann says, the acid-fastness is concerned with the lipidic membrane. This 
proof was rendered possible through a simple adaptation of the Ziehl-Neelsen 
staining procedure.* 

Staining a slide half-covered by the sputum smear of a tuberculous patient 
and half by a blood smear, we find that only the bacilli and the neutrophil gran- 
ulation take the stain. 


FicurE 15 is a microphotograph of blood stained by the Ziehl modified 
method.*! 

Summing up all this knowledge, we must recognize the fact that there is a 
functional correlation in the blood between different types of cells: the neutro- 


phils supply the erythrocytes with oxidase but, to do so, they need lymphocytic 
lipase, as represented in FIGURE 16. 


* See, in the Appendix, Technique V, page 1047. 
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sine 


FicureE 15. Only the neutrophil granulations become stained in a blood smear treated by the Ziehl-Neelsen 
modified method. 
o 


This physiologic correlation is upset by the virulent acid-fast infections that 
inhibit the lipase activity, accumulating the oxidase in the neutrophils and 
‘reducing its presence in the erythrocytes. From this activity a diagnostic 
‘possibility may be visualized. 

_~ As the oxidase index is wearisome and inaccurate, an electrophotometric 
method was developed to estimate the erythrocytic oxidase. * 

This method confirmed the lowering of the erythrocytic oxidase in tuberculo- 
“sis and leprosy but was not satisfactory for survey purposes because the gen- 
“eral level of the erythrocytic oxidase oscillates according to the daily atmospheric 
pressure as shown in GRAPH 6.%° 

In 1948, at this disappointing stage, I received a letter from Professor Dow- 
“ney in which he made the stimulating remark that a blood test for tuberculosis 


* See Appendix, Technique VI, page 1048. 
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FicurE 16. Schematic representation of the proposed functional correlation between the blood elements and 
the effect which infection from acid-fast bacilli has on this correlation. 


would be greatly welcomed by all phthisiologists. I returned to the lipase 
work in an attempt to solve the mentioned technical difficulties in assaying it 
in the blood. Using the Cherry and Crandall method,*! a reagent was de- 
veloped. This reagent is the oil substrate stabilized to permit storage and 
standardization.* This reagent permitted the lipase assay in the routine of 
the clinical laboratory with an error limit of 3 per cent at the normal level. 


* See Appendix, Technique VII, page 1049. 
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Grapu 6. Erythrocytic oxidase is low in tuberculous patients, b 
atmospheric depression. 
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Ficure 17. Lipase scale. 


The lipase titer is not dependent on personal interpretations, as tuberculin or 
photofluorography readings are, for it is obtained by a simple titration with 
sodium hydroxide. 

The significance of the lipase titer is resumed in a lipase scale (FIGURE 17) 
presented in a paper on “The Social Importance of the Lipase Survey.” In 
this paper, the Ryang experimental conclusion that the tuberculosis-predis- 
posed animals are poor in lipase*® is quoted, and so are the Mayer and Rappa- 
port statements that “the transition from prephthisical to phthsical status may 
take many years” and “‘it is a logical assumption that treatment of the pre- 
phthisical lesion may prevent development of phthisis.’’*” 

A thesis was presented at the University of Mexico on the lipase titer in 
tuberculosis using the reagent which I developed.** The reagent is also being 
used. by a few phthisiologists in France, and by many in my country. These 
clinicians are finding very close agreement between the lipase test and the clini- 
cal and radiological picture. Some disagreement verified in cases studied by 
the Tuberculosis Service of the Brazilian Air Force deserves special attention: 
two patients whose radiologic and clinical finding simulated tuberculosis pre- 
sented a high lipase titer, i.e. 7 and 7.5. The tuberculosis treatment was in- 
effective, and autopsy revealed pulmonary schistosomiasis in the one and pul- 
monary sarcoidosis in the other. An old case of arrested tuberculosis came to 
the Tuberculosis Service presenting very bad clinical conditions. The lipase 
titer was 2.0, although the chest roentgenogram showed no sign that the old 
pulmonary lesions had regained activity. A sudden death by an intestinal 
rupture occurred, and the autopsy revealed extensive tuberculosis ulcerations. 
In another case, tuberculin and bacteriologic findings were negative despite the 
advanced pulmonary involvement. As the lipase titer was 3.0, the tuberculo- 
sis treatment was begun and proved to be correct by its gratifying results.9 
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As a counterpart to this case, an old arrested tuberculosis case appreared with 
a, large pleural effusion, but as the lipase titer was 8.0, the treatment used was 
not streptomycin but penicillin. Recovery was prompt.’ 

Recently, Doctor Alvaro Dias, in charge of the Rio de Janeiro Public Health 
Service, opened an Experimental Lipase Survey Post, and I shall be happy to 
close this communication by presenting, for the first time, the results of the 
first 500 tests performed there with my reagent and simultaneously controlled 
by photofluorography in applicants for “health certificates” (GRaPH 7)." 

Attention must be paid to the fact that the individuals examined in this test 
thought themselves healthy. Of these unemployed persons, 483 showed a 
lipase titer of 6.5 to 9.5. Only 17 presented lipase titer of 6.0 or less. 

The tubercular diagrams of every patient made by the photofluorographic 
method corresponded to the findings made by the lipase titer in the lower group. 
The Institute of Leprology has just reported to me that the reagent places all 
the 21 leprosy cases examined in this same group.” 

May I conclude by telling in a few words the story of a patient whose radio- 
logic diagnosis was made by a full-size roentgenogram? A young mother, 
owing to a negative photofluorography, obtained a “health certificate.” She 
accordingly got a job to support her baby, as her husband had left her. Be- 
cause the lipase titer in her case was only 4, the case was opened for re-examina- 
tion. A full-size roentogenogram confirmed tuberculosis. The phthisiologist 
explained to her that now a blood test gave more sensitive findings than photo- 
fluorography. She regretted the discovery of such a test. By chance, I was 
present. I told her that her disease had been discovered so early that it could 
be arrested in a short time. She was not convinced and started to cry and 
cough. The sputum was examined at once and revealed an average four 
bacilli in each field. I told her that perhaps the new blood test had made it 
possible to prevent her from infecting her own baby. Then she smiled. 


APPENDIX 


Technique I 


~The Loele-Seabra Method (name given by the National Academy of Medicine, 
Rio de Janeiro). The blood smear must be thin and should not reach the 
borders of the slide. Dry the smear in the open air for about two hours, and 
then fix it by exposing it to formol vapors for 10 minutes. This exposure is 
effected by placing the slide vertically in a vessel containing an evaporating 
dish with 20 cc. of formalin dissolved in 40 cc. of distilled water. In the cold 
season, this exposure must be made in an incubator, at 37° C. 

Cover the smear with mordant for 15 minutes and then wash it gently with 
distilled water for about one minute. Cover the smear with aqueous gentian 
violet for 10 minutes and wash under a fine stream of distilled water for five 
minutes. Cover the smear with aqueous basic fuchsin solution for 10 seconds 
and wash under a fine stream of distilled water for five minutes. After each 
washing, tilt the slide vertically, and let it stand until it is completely dry. 

Solutions. Gentian violet: dissolve 0.1 gm. in 250 cc. of distilled water, and 
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The beginning of the first official lipase survey. 
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decant on the following day. Basic fuchsin: dissolve 0.1 gm. in 150 cc. of cold 
distilled water, decanting on the following day. Mordant: this preparation 
does not keep more than one day. It must be stored as two separate solutions 
and mixed each time to form the desired volume: Solution ‘‘A’’—dissolve 0.2 
gm. of a-naphthol in 350 cc. of distilled water and filter; solution “‘B’’—dissolve 
0.8 gm. of ammonium carbonate in 50 cc. of distilled water. Mix in the propor- 
tion of 350 of A to 50 of B, boil for frve minutes and allow to cool. Restore to 
initial volume by adding cold water. Place in the incubator at 370° C. for 
two hours before using. 

Note: The handling of the slides, while washing, requires the greatest care 
and attention, especially during the hot season, for, as the smears are not fixed 
in alcohol nor colored with alcoholic stains but are exposed to alkaline mordant 
and basic staining, they are likely to puff up, forming folds, and to stand up 
from the slide, thus being easily carried away with the water. 


Technique II 


The heating of blood smears at 100°C. (FIGURE 18). Two slides (a) are 
joined face to face with the blood smears in the inner side. A cartoon joint 
(b) prevents the smears from touching each other. Two rubber strips (c) hold 
the slides together. 

The two slides are placed in a beaker under another beaker half-full of mer- 
cury. Mercury is then poured between the two beakers, completely covering 
the slides. The whole assembly is placed into a larger beaker containing a 
layer of glass beads and is half-filled with water. 


Technique III 


One microscopic field showing erythrocytes in the various stages of the staining 
process. The Loele-Seabra method is used, but the smear is not completely 
covered with the mordant solution. Only one drop is used. After washing, 
one drop of the gentian violet is used lateral to the mordant drop; so, only a 
little portion of smear receives the mordant and the violet gentian. The micro- 
scope is focused where the limbs of the two drops cross. FicurE 19 is self- 
explanatory. 

Technique IV 


Hypereffusion test. Examine four distant microscopic fields containing 
granulocytes in the center of the smear, and also four distant fields on the 
borders: on both borders if possible. Observe the most intense points in each 
field, using the scale shown in FIGURE 5. 

Results: ++-+-++ when intensity 3 is found in the eight fields; -+-+-+ when 
intensity 3 is found in the center; -+-+> when intensity 3 appears only in the 
borders of the smear; -+ when only intensity 2 is found; + when only intensity 
1 is found; and — if no hypereffusion is found. 


Technique V 


Ziehl modified staining process. (1) Dry the smear in open air for two hours; 
(2) fix in formol vapors (20 cc. formalin dissolved in 40 cc. of distilled water) 
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for four minutes, placing the vessel first in the incubator at 37° C. for at least 
half an hour; (3) cover smears with Ziehl fuchsin; let stand for 15 hours; (4) 
rinse with distilled water until the water shows no color; (5) discolor the smear 
with pure alcohol, by adding 0.5 per cent of nitric acid (d = 1.40). When 
using this process, the smears must be thin. 


Technique VI 
The erythrocytic oxidase estimation. The author considers that his photo- 


electric process still needs further development. The process was fully de- 
scribed in Diseases of the Chest, Vol. XII, (6), 1946, p. 552. 
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Technique VII 


The Lipase Reagent. Preparation: oil emulsion. Formula: neutral cotton 
eed oil (maximum acidity )4 per cent, 100 ml.; acacia U.S.P.—5 gm.; sodium 
arbonate, anhydrous (sufficient to neutralize gum); distilled water q.s.p. 100 
nl. 

Preparation: Take as many cubic centimeters of a 1 per cent anhydrous 
odium carbonate solution as necessary, according to a previous test, to neu- 
ralize 5 gm. of acacia taken from the same batch and complete 100 ml. with 
listilled water, dissolving the acacia in this liquid. 

This neutralized acacia solution is placed in a mixer (blender) and the oil is 
idded drop by drop. 

Homogenization will take place after 15 minutes. Then the solution is 
alaced in a vacuum chamber until gas production has ceased. 

Solution is distributed in ampules of 5 ml. immediately and sterilized at 
120° C. for 20 minutes, on the same day of its preparation. 

Buffer Solution: Formula: potassium phosphate, monobasic, 8.31 grams; 
sodium phosphate, dibasic 5.52 grams; distilled water q.s.p. 100 ml. 

Preparation: dissolve salts in distilled water. Filter, distribute in ampules 
of 5 ml., and sterilize at 120° C. for 20 minutes. 

Use: (1). Into a wide-mouth test tube, or into a small Erlenmeyer put 1 
ml. of the patient’s serum, add 2 ml. of the oil emulsion, 3 ml. of distilled water, 
and 0.5 ml. of the buffer solution. Shake and place in an incubator at 98.6° F. 
(37° C.) for 24 hours. 

(2) Into another receptacle like the one previously described, prepare a 
“control” by using 4 ml. of distilled water, 2 ml. of oil emulsion, and 0.5 ml. of 
buffer solution. Shake and place in the same incubator for 24 hours. 

(3) After 24 hours, add 3 ml. of neutral ethyl alcohol to each tube. Titrate 
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with N/20 sodium hydroxide and one drop of 1 per cent phenolphthalein solu- 
tion until a rose color appears and is maintained for at least one minute. 

Warning. (1) The blood must be withdrawn while the patient is fasting. 

(2) The serum must be obtained by natural coagulation and must be slightly 
centrifuged after retraction of the coagulum. 

(3) Titration time is at the minimum 24 hours after placing the tubes in the 
incubator and 26 at the maximum, if accurate results are to be obtained. 

(4) As is known, the N/20 sodium hydroxide should be kept in small flasks, 
completely filled, so as to avoid alteration by the atmospheric CO*, or should 
be protected by some device. 

(5) Since the volume used is small, it is advisable to use microburettes. 

(6) Make sure that soap or other residues do not pollute the receptacles. 

Evaluation. The difference between the number of cubic centimeters of 
sodium hydroxide solution used in the first and second tubes determines the 
lipasic activity of the blood serum. The lipase titer is that difference multi- 
plied by ten. 

Example. In the first tube, 1.8 ml. of N/20 sodium hydroxide were used 
and, in the second, 1.0 ml. The difference is 0.8 and the lipase titer is 8.0. 

Oil Emulsion. Seabra’s Lipase Reagent is packaged in cartons containing 
60 ampules of 5 ml. of the oil emulsion (ampules in white wrapper). Before 
opening the ampule, its contents must be completely homogenized by adequate 
shaking. For each determination 4 ml. are used. When making several de- 
terminations at the same time, the remainder of the material may be collected 
and used. The excess should be discarded, however, and must not be kept for 
later use. 

Buffer Solution. Every box of Seabra’s Lipase Reagent contains one ampule 
containing more than 5 ml. of the buffer solution (ampule in green wrapper). 
Five ml., measured exactly, are dissolved in 70 ml. of distilled water. The 


solution is kept in a flask ready for use at any time and is sufficient for 75 de- 
terminations. 
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HISTOCHEMISTRY OF LEUKOCYTES 


By Max Wachstein 
Department of Pathology, St. Catherine’s Hospital, Brooklyn, N. Y. 


Although the beginning of histochemistry dates back almost 100 years,’ 
many new techniques have been devised only within the last few years. ‘These 
new methods, indeed, can give information not obtainable by other means. A} 
given substance, e.g., may be present in such small amounts as to escape de- 
tection by biochemical estimation in tissue homogenates. The presence of 
this substance, however, can be easily detected in a few cells of the same organ 
by appropriately staining a tissue section. 

Some histochemical procedures applicable to the study of blood cells will be 
discussed in this paper. In applying these techniques to hematology, the} 
following points should be taken into account: 

(1) Histochemical localization within preformed structures of the cell may 
be incorrect. This is particularly true in the case of the nucleus which may } 
show a faulty staining reaction due to unspecific absorption. On the other } 
hand, the lack of reaction in the nucleus may be due to the impermeability of ° 
the nuclear membrane for the reagents used in the staining procedure. | 

(2) Reported findings obtained with histochemical techniques applied to the : 
same tissues by various investigators are often at variance with each other in 
some detail. Minor differences, however, should be neglected since variations 
in the preparation of the material, as well as other technical details, may in- | 
fluence the results obtained. . 

(3) The tendency to subjective quantitation is noted in many publications. | 
Only for a few techniques, e.g. the Feulgen stain, are methods for a comparative | 
quantitative evaluation of color available. In general, however, histochemical | 
staining techniques give only rough qualitative but no quantitative information, | 

The observations recorded in this paper pertain mostly to films made from 
blood, bone marrow, and lymph nodes, and from normal human material, as_ 
well as from patients with blood dyscrasias and other diseases. In the case of 
some sensitive enzymes, e.g., cytochrome C and dehydrogenase, cell suspensions 
from heparinized blood or bone marrow were used. Staining reactions ob-| 
served in frozen or paraffin sections from either bone marrow or lymph nodes. 
often vary somewhat from those in film preparations. : 


RESULTS 
Nucleo proteins. 


The intense basophilia of immature blood cells has been known for many 
years. The recognition that this staining property is due to two kinds of 
nucleic acids which, in tissues, are present in combination with basic proteins 
is of much more recent origin. Nucleic acids consist essentially of purine and 
pyrimidine bases, a pentose sugar, and phosphoric acid. The one containing 
desoxyribose is called desoxyribonucleic acid (DRA), whereas the other, con- 
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1ining a ribose sugar, is called ribonucleic acid (RNA). The histochemical 
haracterization of nucleic acids is possible in various ways. 


(a) Ribonucleic Acids (RNA) 


RNA is found in both the nucleolus and cytoplasm, and its identification is 
ased on the fact that the strong basophilias can be selectively abolished by 
he specific depolymerizing action of ribonuclease. For the demonstration of 
asophilia, many acid dyes can be used. However, the methyl green pyronine 
echnique is particularly suitable since it permits the simultaneous demonstra- 
ion of RNA in cytoplasm and nucleolus as well as of desoxyribonucleic acid in 
he nuclear chromatin. It is, therefore, a useful stain for the demonstration of 
oth RNA and DNA? 

The cytoplasm of hematocytoblasts and myeloblasts is deeply basophilic. 
The myeloblasts acquire azurophilic granules as they develop into myelocytes 
ind, later, the specific granules appear together with rapid and great reduction 
n cytoplasmic basophilia. The nuclei of the young basophilic cells contain 
listinct nucleoli which are also basophilic. These nucleoli disappear gradually 
n the more mature cells, simultaneously with the reduction of cytoplasmic 
yasophilia. The higher RNA content of the cytoplasm and of the nucleoli is 
-haracterized by the ability to pass through a series of mitotic divisions. Hy- 
serplasia, with immaturity of the marrow, is associated with higher values for 
soth nucleic acids, especially of RNA.* The cytoplasmic basophilia of plasma 
sells and lymphocytes is abolished by ribonuclease and is therefore likewise due 
RNA. These results are in good agreement with those obtained by quant- 
‘ative ultraviolet microspectrographic methods,® as applied to the study of 
blood cells.’ 

Neutrophilic granules,* Auer bodies in leukemic cells,? as well as toxic granu- 
lation in leukocytes from patients with infectious diseases,!° apparently contain 
RNA, since they cannot be stained following ribonuclease treatment. 

Although not strictly a histochemical method, certain information concern- 
ing the chemical composition of cellular structures, including their nucleic acid 
content, can be obtained by studying the alterations that occur in the binding 
of acid and basic dyes at various pH levels. The pattern of staining, for in- 
stance, displayed by the cytoplasmic ground substance of many white cells by 
methylene blue through the pH range of 12.3-3 9 is characteristic of ribonucleic 
acid. In contrast, basophilia due to acid mucopolysaccharides will not be 
extinguished until a pH of 1.9 is reached.) ? 


(b) Desoxyribonucleic Acid 


Desoxyribonucleic acid (DNA) can be demonstrated with the Feulgen tech- 
nique in which the aldehyde groups of the desoxyribose sugar are first freed by 
mild acid hydrolysis and then visualized with Schiff’s reagent. The staining 
reaction, which is confined entirely to the nuclei, is specific for desoxyribonucleic 
acid of high and low polymer type. In contrast, methyl green apparently 
stains desoxyribonucleic acid selectively, but only if it is ina highly polymerized 
state.3»4 Loss of staining ability for methyl green, therefore, indicates de- 
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polymerization. Both staining techniques can be used in a comparative quan- 


titative way, permitting measurements of single cells with a microspectro- | 


photometric apparatus.” The applicability of these quantitative techniques 
for blood cells has been shown by Korson."® 


With the Feulgen method, the nuclei of immature cells have a relatively pale | 


coloration. Mature white cells usually have more deeply tinged nuclei. Al 
though the myeloblastic nucleus takes a pale stain, the chromatin pattern can 
be clearly distinguished. Within it, two to four nuclei are detectable as color- 
less spots. Lymphoblasts show a fine structure of the Feulgen material and 
two nucleoli, while mature lymphocytes have coarse Feulgen-positive chroma- 
tin”? Comparative quantitative measurements have revealed a decrease of 
DNA during the development of the myeloid cells.!® For normal lymphocytes, 
very constant values were found by Petrakis.° The DNA content of the 


normal lymphocytes averages twice that of spermatides. In chronic lymphatic | 


leukemia, the lymphocytes have mostly a normal DNA content. However, in 
occasional cases with acute exacerbation, cells were found which showed an 
irregular increase in DNA, probably due to increased mitotic activity or poly- 


poidy and polyteny. Similarly, Petermann and Schneider?? have found, on | 
chemical examination, a normal DNA content in isolated nuclei from the spleen | 
of mice in slowly developing spontaneous leukemia. In contrast, there was a | 


marked increase of both the RNA and DNA in the nuclei from the spleen of 
mice with the more rapidly developing transplanted leukemia. These changes 


are characteristic of rapid growth rather than of the neoplastic process per se. | 


Proteins. 


Staining reactions are available for the demonstration of basic proteins as | 


well as for amino acid components of proteins. 


(a) Basic Proteins 


A selective staining method for the basic proteins of cell nuclei has been re- 
ported by Alfert and Geschwind.** The method depends upon the controlled 


binding of the acid dye, fast green, by basic proteins at a pH of more than 8. | 


In tissues, these are chiefly histones, protamines and, to a slight extent, globins. 
This means that, ordinarily, only nuclear chromatin where histones are located 
will stain and that red blood corpuscles are colored faintly. 

Bloch and Godman” have recently shown that this method can be used for 
comparative microspectrophotometric measurements. In addition, they have 
found that the same cell can be first stained with the Feulgen technique, meas- 
ured for its DNA content and then, after washing out the Fuchsin, be restained 
with fast green for measurement of the histone protein. This method is also 
applicable to the study of the basic protein of blood cell nuclei. It would 
appear that the nuclei of the white cells, as has been found by Bloch and God- 


man for other tissues, have an identical distribution of DNA and its associated 
basic proteins. 
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(b) Amino Acids 


A number of reactions are available for the histochemical identification of 

amino acid components of proteins.':** At least four techniques are suitable 
for hematological purposes. These four comprise two older methods for tyro- 
sine and arginine and two more recent ones for free amino and SH groups. 
_ The Millon reaction is specific for phenols and, in the case of amino acids, 
for tyrosine. Pollister’s modification! is best suited for hematological pur- 
poses. The appearance of a transparent pink color indicates the presence of 
tyrosine. Pollister reported positive staining of eosinophilic granules in tissue 
sections from guinea pigs while Vercauteren had negative results in eosinophilic 
leukocytes from the horse.%* We found a positive reaction of eosinophilic 
granules, but no staining, in other blood cells in human material. 

Sakaguchi’s test is specific for derivatives of guanidine. Arginine is the only 
substance found in tissues which gives a positive reaction. The technique of 
Serra or Baker’s modification of this procedure may be used.” According to 
Weiss, the nuclei of all blood and bone marrow cells are colored a faint to 
moderate orange. ‘The reaction in the cytoplasm of myeloid cells varies in 
intensity. Neutrophilic granules do not react, while eosinophilic granules stain 
distinctly.” 

The demonstration of primary amino groups in proteins is based on the fact 
that these groups react with aldehydes to form Schiff bases. The reagent used 
jn this technique, 3-hydroxy-2-naphthyl-aldehyde, forms a pale yellow addition 
product. The latter is transformed into a red or blue azo dye.” With this 
technique, a faint pink staining was found in all blood and bone marrow cells. 
In general, the cytoplasm stained somewhat more intensely than the nucleus. 
Megakaryocytes showed the most distinct nuclear staining. Neutrophilic 
granules were unstained, but eosinophilic granules showed a brilliant yellow- 
pink color. 

Active sulfhydryl groups react with 2 ,2-dihydroxy-6-dinaphthyl to form a 
colorless substance which can be converted into a colored azo dye.* Barnett 
reported staining of bone marrow cells in human tissue sections.” In films 
from blood and bone marrow, a distinct pink to red stain was seen in most 
cells. In general, the cytoplasm was more intensely colored. In many cells, 
however, the chromatin network was also outlined. No reaction was seen in 
either neutrophilic or eosinophilic granules. No obvious increase in staining 
intensity of leukemic as compared with normal myeloid elements was noticed. 
On chemical estimation, an increase in leukocytic SH content was reported in 
patients with various forms of leukemias. These findings, however, were not 


confirmed by Valentine.” 


Lipids. 

Oil soluble dyes, particularly Sudan black, stain certain structures in most 
white blood cells. There exists, however, a considerable difference between 
lipids in leukocytes and in other tissues. Tissue lipids stain easily at room 
temperature but, with blood cells, it is necessary to use longer staining periods 
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or higher temperatures. Decolorization is difficult, and recolorization is often 
incomplete. In contrast, tissue lipids stained with Sudan are promptly de- 
colorized by dye solvents and can be restained and decolorized repeatedly. 
The sudanophilia of leukocytes probably depends on a chemical combination 
of the dyes with cytoplasmic constituents.*° Following the exposure of blood 
and bone marrow cells to Sudan black, myeloblasts show small stained inclu- 
sions. With the maturation of myeloid cells, sudanophilia increases markedly. 
Granules in neutrophiles are prominently stained and appear to be more numer- 
ous than those seen with Giemsa stains. Eosinophilic granules are strongly 
positive and show often an unstained hollow center. While the basophilic 
granulations show a varying reaction, monoblasts as well as monocytes show 
small stained granules. Auer bodies in leukemic cells are Sudan positive.® 
Plasma cells show occasional lipid granules.*!: #2 The application of Baker’s 
method for phospholipids shows an essentially similar distribution of the stain- 
ing reaction. However, in immature blood cells, small rods and granules, 
presumably mitochondria, are visualized with Baker’s method to a much greater | 
degree than with Sudan black. | 

While most investigators found that mature lymphocytes give no reaction | 
with fat stains, occasional refractile bodies were reported to stain with Sudan | 
black and Nile blue sulfate when the preparation of the blood films was some- | 
what modified.*”* In general, under pathological conditions, no significant | 
changes in the lipid staining of white cells was found. In chronic myeloid | 
leukemia and infectious diseases, however, a small proportion of cells may not | 
contain stainable fat.**: *8 


Glycogen. 


Glycogen was first demonstrated by Ranvier, in 1877, in the white cells of | 
the frog with the help of the iodine reaction.** Best results are obtained by the | 
use of the Periodic Acid-Schiff technique.) * . 

Periodic acid acts as an oxidant which breaks the C—C bonds where they | 
are present as 1:2 glycol groups, and converts them into dialdehydes. The | 
latter are then visualized with Schiff’s reagent. In order to identify the stained 
material as glycogen, control films must be exposed to the action of ptyalin | 
(saliva). Any material giving a positive reaction after salivary digestion is | 
considered not to be glycogen. There is conflicting evidence in the literature | 
as to the effect of this procedure on white blood cells.1_ It appears, however, _ 
that in films fixed in absolute alcohol, but not in air-dried unfixed films, the 
stainable substance is removed by salivary digestion. It is probable that 
alcohol fixation frees glycogen from some chemical combination, possibly with 
protein.* 

About 90 per cent of polymorphonuclear leukocytes contain stainable ma- 
terial mostly distributed diffusely in the cytoplasm, but occasionally in the 
form of coarse deposits not localized in the neutrophilic granulations. Eosino- | 
philes and basophiles*® show, likewise, cytoplasmic but no granular staining. — 
Glycogen is present in plasma cells and myeloma cells as well as in monocytes | 
and lymphocytes to a varying degree.%. 37, 38, 39 Myeloblasts contain only 
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mall amounts of stainablé glycogen. As the cells mature, the staining in- 
ensity increases, in bone marrow films prepared from normal individuals and 
rom patients with chronic myeloid leukemia.® 

Histochemical methods have revealed significant differences in the staining 
ntensity of polymorphonuclear leukocytes in various conditions. A marked 
ncrease was found in the blood of patients with infectious diseases,*°: 4° in 
yolycythemia vera,** and in severe diabetes." Whileno significant difference in 
slycogen distribution was found in cells from normal subjects and patients with 
chronic myeloid or lymphatic leukemia,**: ** several investigators reported an 
yecasional increase in lymphocytes in blood smears*’ and tissue sections.” By 
shemical estimation, high values in leukocytic glycogen were found in poly- 
-ythemia,*®: “* and low values in chronic lymphatic and acute leukemia.” In 
chronic myeloid leukemia, the reported results were less uniform.” ¥ 


Enzymes. 


Only a limited number of oxidative and hydrolytic enzymes can be demon- 
strated histochemically.!: 2° Some of these are found in blood cells. 


(A) Oxidative Enzymes 


(1) Oxidases: The M Nadi reaction and peroxidase reaction, which is limited 
to the granules of myeloid cells and is resistant to formalin and other fixatives, 
has been discussed by Seabra.*° 
~ Reference will be made here only to cytochrome oxidase (labile or G Nadi 
reaction). This enzyme is quite sensitive to various procedures, even drying. 
It is present in many tissues, but is not very extensively found in white blood 
cells. It is visualized with the help of the Nadi reaction, which consists of the 
simultaneous oxidation of a mixture of dimethyl-p-phenylene diamine and 
alpha naphthol and subsequent condensation of the initial oxidation product, 
insoluble indophenol blue being the end product. While the reaction appears 
to proceed spontaneously in the presence of molecular oxygen (auto-oxidation), 
its rate is greatly increased by the presence of indophenol oxidase, which is 
presumably identical with Keilin’s cytochrome oxidase. 

“Tn lymphocytes from normal lymph nodes, as well as from lymph nodes with 
leukemia, lymphosarcoma, and Hodgkin’s disease, 5 to 20 blue granules are 
visualized indicating sites of enzymatic activity. No difference in the staining 
reaction was seen in material from any of these sources.‘® In myeloid cells, 
the reaction is observed as myelocytes mature into polymorphonuclear leuko- 
cytes. Monocytes show considerable activity. In agreement with findings 
obtained on tissue extracts with biochemical estimation, no difference was 
found in the staining reaction of leukemic and nonleukemic cells.” In in- 
flammatory exudates, the reaction is distinctly stronger, not only in neutro- 
philes, but also in lymphocytes. 

(2) Dehydrogenases: Dehydrogenases catalyze the transfer of hydrogen to 
immediate acceptors other than oxygen. For their demonstration, one can 
use potassium tellurite, which is reduced to insoluble black elementary tel- 
lurium.’® However, reagents best suitable for the demonstration of these 


1058 Annals New York Academy of Sciences 


have accepted hydrogen. 

If cells from blood, from bone marrow, or from lymph nodes are incubated 
in a solution of neotetrazolium buffered at pH 7.4, a considerable portion of 
cells show evidence of reducing activity as indicated by the deposition of small 
purplish granules in their cytoplasm.°® Still better results were obtained in 


occasional blood samples if the incubation mixture contained, in addition, | 


various activators as well as sodium succinate.” 

Dehydrogenase activity is found in approximately three fourths of all white 
blood cells in films from normal individuals. Polymorphonuclear leukocytes, 
lymphocytes, and monocytes contain a varying amount of purplish granules 
indicating the site of reducing activity. These granules are independent from 
the specific granulations. Evidence of enzymatic activity is noted first in 
myelocytes while myeloblasts do not react. In blood from patients with in- 
fectious diseases, the cells contain more and often bigger granules, and the same 
phenomenon was seen in cells from inflammatory exudates. As with cyto- 
chrome C, there was no significant difference in cells from blood and bone 


marrow from patients with myeloid leukemia as compared with those from | 


normal controls. 


(B) Hydrolytic Enzymes 
(1) Phosphatases: Phosphatases are enzymes which are able to hydrolyze 
phosphoric esters. The phosphatases may be classified on the basis of substrate 
specificity and of pH optima. 
(1a) Nonspecific alkaline phosphatases: This phosphatase hydrolyzes many 
monoesters of phosphoric acids and in addition nucleic acids. Two techniques 
are at the present available for their histochemical demonstration.!: *8 


enzymes are the tetrazolium salts. These salts are colorless water-soluble | 
substances which form highly colored water-insoluble precipitates after they | 


(i) The calcium phosphate method: The slides are incubated with glycero- | 
phosphate at an alkaline reaction in the presence of calcium. The liberated | 


phosphate ions are precipitated as insoluble calcium phosphate. The latter is 
visualized as metallic silver or black cobalt sulfide. 

(ii) The azo dye method: The substrate contains a naphthyl phosphate. The 
liberated naphthol is coupled with a suitable diazonium salt to form an insoluble 
colored precipitate. 

Using a somewhat modified calcium phosphate technique, normal individuals 
show moderate activity in about one third of the circulating neutrophiles.®? 
The staining is seen mostly in the cytoplasm and occasionally also in the nuclei, 


especially after long incubation periods. Circulating lymphocytes, monocytes, 
and eosinophiles show usually a negative reaction. Bone marrow preparations — 


from normal individuals show no reaction in myeloblasts, a faint reaction in 
myelocytes, and increasing staining intensity as the cells mature. A signifi- 
cantly higher proportion of positive myeloid cells was found in films from bone 
marrow than in films from peripheral blood. Similarly, more positive-reacting 


piesa were noticed in film prepared from lymph nodes than in blood 
ms. 


“~ uty TN 
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_ Striking differences in the content of nonspecific alkaline phosphatase are 
present in various abnormal conditions. In patients with infectious diseases, 
more than 90 per cent of all neutrophiles show a positive reaction. In addition, 
the staining intensity is considerably increased in these cells as well as in 
polymorphonuclear leukocytes found in inflammatory exudates.*? In con- 
trast, in patients with chronic myeloid leukemia, only a few and, in some cases, 
no phosphatase-positive mature polymorphonuclear leukocytes were found.™: * 
On the other hand, in patients with myelofibrotic disorders and a leukemoid 
blood picture, many phosphatase positive granulocytes are present.*? These 
results are in good agreement with those found by biochemical estimation, 
since high values for nonspecific alkaline phosphatase are found in the white 
blood cells of patients with infectious diseases and with myelofibrotic disorders. 
In contrast, there is only a small amount of this enzyme present in the leuko- 
cytes of patients with various forms of leukemia, including the chronic myeloid 
Berm. 54,65 

The nuclear localization which is occasionally seen when the calcium phos- 
phatase technique is used does not represent enzymatic activity but is appar- 
ently due to a staining artifact.1:?* Even very recent publications stressing 
differences in supposed nuclear localization disregard this now well-established 
fact.°** If the azo dye method in Gomori’s modification® is applied to blood 
and bone marrow smears, nuclear staining is not seen. 

(1b) Acid phosphatases: As in the case of the alkaline phosphatase, two tech- 
niques are available for acid phosphatase." * 

(i) Gomori’s lead phosphate method: Slides are incubated in a mixture con- 
taining glycerophosphate at an acid pH in the presence of lead ions. Liberated 
phosphate is precipitated as lead salt, and the latter is transformed into black 
lead sulfide. 

(ii) The azo dye method: This technique is similar in principle to the technique 
for nonspecific alkaline phosphatase. Recently, Rutenburg and Seligman 
have introduced a new substrate, 6-benzoyl-2-naphthyl phosphate, with which 
sites of activity are stained very brilliantly.°® 

In films from blood and bone marrow, stained with the lead phosphate 

method, there is seen a moderate cytoplasmic and very distinct nuclear reaction 
in all cells of the red and white series.*” °° A positive reaction, in addition, 
‘was noticed in occasional neutrophilic granules and regularly in eosinophilic 
granules. Mast cells also react positive.*® There is some doubt whether 
nuclear staining with the lead technique indicates enzymatic activity or is due 
to staining artefacts.:*’ For blood cells, this point has been discussed by 
Mori.* 

In attempts to evaluate the results obtained with the lead phosphate tech- 
nique, smears from blood and bone marrow were stained with the azo dye 
technique using various substrates including the recently reported 6-benzoyl- 
2-naphthyl phosphate. No satisfactory preparations, so far, have been ob- 
tained. As in the case of alkaline phosphatase, reported differences in nuclear 

‘staining for nonspecific acid phosphatase: *°* will have to be re-evaluated. 
» (1c) 5-Nucleotidase: The existence of a specific enzyme, 5-nucleotidase, 


; 


capable of hydrolyzing nucleotides, for instance muscle adenylic acid, which 
contain phosphate esterified at carbon 5 of ribose has been first reported by 
Reis in various tissue extracts by chemical estimation. Its optimal activity 
is around a pH of 8. It can be demonstrated with a similar technique as non- 
specific alkaline phosphatase, using muscle adenylic acid as substrate.?: ® A’ 
nucleotidase which, however, has its pH optimum at pH 4 has been reported 
to occur in leukocytes on chemical estimation.™ 

On incubating blood and bone marrow smears with both glycerophosphate 
and muscle adenylic acid at a pH of 9, enzymatic activity was found with both 
substrates. At a pH of 8, however, the staining was seen only with glycero- 
phosphate but not with muscle adenylic acid. This observation would indicate 
that any staining reaction obtained was due to the presence of nonspecific 
alkaline phosphatase, which also acts on muscle adenylic acid at a higher degree 
of alkalinity. 

(1d) Glucose-6-phos phatase: This enzyme is important for the breakdown of 
glycogen to glucose. It can be distinguished from nonspecific phosphatase by 
its thermal instability, its pH optimum (pH 6.5-6.7) and its sensitivity to | 
various fixatives including formalin. A histochemical method based on the 
liberation of phosphate from glucose-6-phosphate at pH 6.7 in the presence of | 
lead ions at 32° C. was recently reported by Chiquoine.™ 

In applying this method to unfixed blood and bone marrow smears, we have | 
observed the appearance of granular precipitates of lead sulfide indicating 
enzymatic activity in the cytoplasm of various myeloid cells. Formalin fixa- 
tion, however, did not prevent this staining reaction. Moreover, control slides, 
either fixed or unfixed, incubated with glycerophosphate instead of glucose-6- 
phosphate, showed a similar staining pattern. The predominant cytoplasmic 
localization at a higher pH, as compared to the almost exclusive nuclear stain- | 
ing around pH 5 with the lead phosphate technique, is of considerable interest. | 
On the basis of these findings, it would appear that glucose-6-phosphatase can | 
not be distinguished histochemically from nonspecific phosphatase in white 
blood cells. 
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Esterases. 


Esterases are enzymes which hydrolyze esters of carboxylic acids. They 
can be divided into aliesterases comprising both lipases and unspecific esterases 
and in choline esterases. 


For the demonstration of aliesterases, two techniques are available.!: 23 


(a) The Tween Technique 


The substrates are Tweens or similar substances which consist of water- 
soluble fatty esters of sorbitan or mannitan. Liberated fatty acids are pre- 
cipitated in the form of insoluble calcium salts and visualized as in the tech- 
nique for acid phosphatase, 


(b) The Azo Dye Method 


Various naphthyl acetates may be used as substrates. The liberated naph- | 
thol is visualized by coupling with a suitable diazonium salt. Only mast cells | 
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rive positive reactions with both techniques.” °* Under certain experimental 
onditions, occasional histiocytes acquire histochemically demonstrable esterase 
wctivity.*® Hematic elements are otherwise negative with both substrates. 

Gomori has shown recently that chloracylesters are suitable substrates for 
leukocytic esterase.” He made use of the chloracetate of alpha naphthol and 
naphthol AS. With both these substrates, mast cells are intensely positive. 
In addition, myeloid elements give positive reactions. The staining involves 
all stages of maturation from myelocytes to mature polymorphonuclear leuko- 
cytes. Myeloblasts, monocytes, and lymphocytes show no reaction. Al- 
though some of the myeloid cells do not stain, a deficiency in this enzyme in 
mature cells of chronic myeloid leukemia, similar to the one found for non- 
specific alkaline phosphatase, is not observed. 

Recently acetylcholin esterase was demonstrated in blood and bone marrow 
cells with a modification of Koelle’s technique.” Suspensions of blood and bone 
marrow cells were incubated in a medium containing acetylthiocholin and copper 
glycinate. The enzymatically liberated thiocholin forms crystals of copper 
thiocholine at sites of enzymatic activity. These crystals can be seen in the 
phase microscope. 

In human subjects, evidence of acetylcholin esterase activity was found in 
megacarocytes and red cells and, in rats and rabbits, in megacaryocytes, but 
in no other blood cells. These findings agree well with previously established 
results with biochemical measurements on these cells and confirm the absence 
of this enzyme in white cells. 


Beta Glucoronidase. 


The beta glucoronidases are a group of enzymes with a specificity for the 
beta glycoside linkage of a variety of naturally occurring and synthetic glu- 
coronides. Of the histochemical methods described, two were tried on films 
of blood and bone marrow. 

The method II of Friedenwald and Baker, depends on the hydrolysis of 
8-hydroxyquinoline glucoronide in the presence of a ferric salt and the subse- 
quent visualization of the formed ferric hydroxyquinoline as Prussian blue. 
Even in the modification of Pierce and Burton,! no satisfactory staining results 
were obtained. Seligman and his co-workers” have reported a new method 
using a synthetic 6-bromo-2 naphthyl-beta-D-glucusonide with subsequent 
visualization of the naphthol component as an azo dye. We obtained very 
satisfactory results with this method in kidney sections. If frozen sections 
from rat spleen, as described by Seligman and his co-workers, or sections from 
human tonsils were used, marked staining of lymph follicles resulted. Under 
high power magnification, however, the dye could not be localized within 
lymphatic cells. No staining was observed in any of the nucleated cells in 
blood or bone marrow smears. ie 

By biochemical methods, measurable beta glucoronidase activity has been 
found in leukocytes of normal subjects and marked variations under abnormal 
conditions.? This discrepancy between the results of biochemical and histo- 
chemical methods warrants further investigatior 
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CONCLUDING REMARKS 


Interesting results have been obtained by the application of histochemical 
methods to the study of white blood cells. Ribonucleic acid, for instance, is 
present in large amounts in young cells and is obviously connected with their : 
multiplication. It diminishes as cells reach their functional maturity. In 
contrast, other substances, for instance, glycogen and various enzymes such as 
nonspecific alkaline phosphatase, accumulate as the cells mature and are further 
increased in leukocytes which are stimulated to the highest pitch of functional 
activity under the influence of an infectious disease. On the other hand, the 
marked decrease or even complete absence of nonspecific alkaline phosphatase 
in the mature granulocytes of patients with chronic myelocytic leukemia is 
apparently the only microscopically demonstrable reaction which distinguishes 
mature leukemic cells from normal granulocytes. 

Many chemical reactions known to occur in biological material await adapta- 
tion for histochemical purposes. But even by wider application of methods 
already available at present to various problems of hematology, useful and 
interesting results can be anticipated. 

It is important to realize that histochemical methods furnish valuable tools 
for those engaged in morphologic research for the achievement of their ultimate 
goal; namely, the interpretation of structure in terms of biological function. 
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Discussion of the Paper 


Doctor J. PADAWER (New York University, New York, N. Y.): We have 
employed Sudan black B in the study of eosinophils in rat peritoneal fluid. 
The speed of staining, in our hands, has been largely a function of the age of 
the saturated alcoholic solution of the dye. With a freshly prepared solution, 
used within a few days, eosinophils are well stained within five minutes while, 
after a few months, the solution requires about an hour. A nonstained core 
within the eosinophil granules is seen in large areas of some smears, but not in 
other regions of the same preparation, suggesting the possibility of a technique 
artifact. It should be emphasized that it is not sufficient to specify that a 
smear has been “‘stained with Sudan black B.”” Our own experience has shown 
that, on air-dried smears stained for one hour with a saturated solution of 
Sudan black B in 70 per cent ethanol, only the eosinophil granules are visu- 
alized. On the other hand, if a propylene glycol solution (Chifelle and Putt) is 
used, none of the eosinophils stains even after three days, but mast cell granules 
now do, even though they are not brought out by the alcoholic stain. When 
Baker’s formol-calcium fixative is used on air-dried smears, prior to staining, 
the mast cells stain even in the ethanolic Sudan black B, but eosinophil granules 
are now negative. It appears, therefore, that mast cells contain a fatlike sub- 
stance soluble in 70 per cent alcohol, but not in propylene glycol, and that the 
solubility in the former medium is lost after treatment with calcium ion. Eo- 
sinophils, on the other hand, contain a fatty substance soluble in propylene 
glycol, but not in 70 per cent alcohol. This substance is also soluble in some 
aqueous fixatives, even in the presence of calcium. It would appear that 
conditions of staining must be reported in complete detail if they are to be of 
value to other investigators. 


EXPERIMENTS ON LYMPH NODES CULTURED IN VITRO 


y 


By O. A. Trowell 
Medical Research Council, Radiobiological Research Unit, Harwell, Berkshire, England 


In this investigation, lymph nodes were cultured im vittro by a method of 


organ culture as distinct from tissue culture. That is to say, the lymph node 


remains as an intact organ; there is no outwandering of cells into the culture 
medium. We have found that the reticulum cells will survive under a wide 
range of cultural conditions and for a long time. The lymphocytes, on the other 
hand, are extremely exacting in their cultural requirements and, under the best 
conditions so far devised, they will survive for eight days, but not much longer. 

The lymph nodes used are the lumbar, sacral, and iliac of 4-week-old rats. 
The sacral and iliac are used whole, but the lumbar nodes, which are elongated 
structures, are usually cut transversely into two or three pieces, so that the 
cultures are fairly uniform in size, each weighing about 2mgm. In these young 
rats, as Doctor Kindred has already reported, lymphopoiesis occurs mainly in 
the thymus. There is very little lymphopoietic activity in the lymph nodes, 
which consist essentially of a network of reticulum cells packed full of small 
lymphocytes. A few medium and large lymphocytes are present, but no 
germinal centers and very little mitotic activity. We have not obtained any 
growth of these lymph nodes im vitro and have aimed only at a satisfactory 
survival of the lymphocytes. 

The most important factor in insuring survival of the lymphocytes seems to 
be a good oxygen supply and, to secure such a supply, it is necessary, first, that 
the cultures are placed on the surface of the culture medium so that they are 
as close as possible to the gas phase; and, second, that the gas phase is pure 
oxygen, or oxygen with a small percentage of CO2. This is not to say that 
each lymphocyte requires a high oxygen tension for survival, but it is only by 
maintaining a high oxygen tension at the surface of the culture that any oxygen 
at all can reach the cells in the center of the culture. We have, in fact, shown 
by calculation that the oxygen tension at the center of the culture must be 
quite low. So our findings are not necessarily in conflict with those of Doctor 
Osgood. 

The cultures may be placed on the surface of a semisolid culture medium 
such as plasma clot, serum-agar, or cottonwool soaked in serum. We have 
recently devised a better and simpler method in which the cultures are sup- 
ported at the surface of a fluid medium on a grid made of fine tantalum wire 
gauze. Tantalum is a nontoxic metal, chemically almost as resistant as plati- 
num and as strong as steel. A piece of lens paper intervenes between the cul- 
tures and the wire grid. The grid stands in a shallow dish of culture medium 
and, after planting the cultures, the dish is placed in a lucite chamber which is 
then filled with oxygen. Normally, a grid one inch square is used, and this 
grid carries 20 cultures in 5 ml. of medium. The cultures consume a lot of 
glucose and produce lactic acid, so it is necessary to start with 0.4 per cent of 
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glucose in the medium and to change the medium every two days. An ad- - 
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vantage of the tantalum grid method is that the medium can be changed with- 
out disturbing the cultures. The pH of the medium is not critical, and can 
vary between 6.5 and 9.0 without ill effect. The health of the cultures is 
assessed quantitatively by counting the percentage of dead (pyknotic) lympho- 
cytes present in film preparations or sections made at the end of the experiment. 

The culture medium which we have mostly used is adult-rat serum with 
added glucose, and this medium has given fairly satisfactory results, the num- 
ber of dead lymphocytes remaining below 2 per cent through four days. Sur- 
prisingly, it was found that the serum of 4-week-old rats, whether autologous 
or homologous, was much inferior to that of adult rats. Rabbit serum and 
horse serum were not quite so good as adult-rat serum, but were better than 
the serum of young rats. 

By the systematic addition of various simple nutrients to Tyrode solution, 
we have been able to develop some synthetic media which have given encour- 
aging results. So far, the best results have been obtained with a relatively 
simple medium which contains only Tyrode salts, glucose, 19 amino acids, 
cocarboxylase and p-aminobenzoic acid. This medium has proved to be better 
than any serum medium, possibly because serum always contains adrenal 
cortical hormones, some of which are harmful to lymphocytes. In the syn- 
thetic medium, not only is lymphocyte survival somewhat better than in 
serum, but a certain amount of cell differentiation occurs, and we have rarely 
seen any sign of this phenomenon in serum. This differentiation involves, 
first, the small lymphocytes, many of which, after four days in vitro, have 
hypertrophied and turned into cells which must be called by some such name 
as “hypertrophic lymphocytes,” “‘monocytoid lymphocytes,” or “‘polyblasts.” 
There seems little doubt that this represents a differentiation of small lympho- 
cytes in the direction of monocytes or macrophages and that the phenomenon 
is essentially the same as that observed by Doctor Rebuck in his study of in- 
flammation. As is well known, similar differentiation of small lymphocytes 
was reported many years ago by Maximow, Bloom, and others in tissue cultures 
of lymphoid tissue and in inflammation. A second type of differentiation in- 
volves the reticulum cells, many of which, after four days im vitro, have de- 
veloped large nucleoli and some basophilia of the cytoplasm, and appear to be 
turning into large lymphocytes. I think these cells correspond to what Doctor 
Sundberg would call hemopoietic reticulum cells. All intermediate stages be- 
tween reticulum cells and large lymphocytes are found, but we have not been 
able to convince ourselves that the total number of large lymphocytes increases. 
Nevertheless, we interpret these changes as the beginning of heteroplastic 
lymphopoiesis. We have observed, in the cultures, that intermediate cells of 
this type may sometimes contain a few phagocytosed pyknotic lymphocytes in 
their cytoplasm, which suggests to us that the ordinary phagocytic reticulum 
cells or histocytes differentiate into lymphocytes, and we question the existence 
of a separate type of ‘primitive’ nonphagocytic reticulum cell. Incidentally, 
Maximow held this view in 1924, but later he returned to a belief in primitive 


reticulum cells. ae 
These results, the good survival of lymphocytes, and the cell differentiations 
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described, occur only if both cocarboxylose and p-aminobenzoic acid are present 
in the medium at about 10-* M. concentration. Thiamine can be used in 
place of cocarboxylose, but we think the results are not quite so good. The 
p-aminobenzoic acid can be replaced by p-hydroxybenzoic acid or by folinic” 
acid (citrovorum factor), but not by folic acid. It is rather surprising that 
folinic acid was in no way superior to p-aminobenzoic acid. The following 
substances were investigated over a range of concentration and found to have 
no beneficial effect: nicotinic acid, nicotinamide, pyridoxine, pyridoxal, ribo- 
flavin, pantothenic acid, coenzyme A, meso-inositol, choline, vitamin Bi, 
phosphocreatine, glutamine, acetate, formate. In the absence of p-amino- 
benzoic acid, addition of the purine and pyrimidine bases was definitely bene- 
ficial but, in the presence of p-aminobenzoic acid, no further improvement was 
obtained. This result would support the concept that the fundamental effect 
of the p-aminobenzoic acid is to promote purine and pyrimidine synthesis, as 
it does in bacteria. Addition of various purified plasma proteins and com- 
mercial preparations of proteoses and peptones were without benefit. Oc- 
casional mitoses of reticular cells, large lymphocytes, or medium lymphocytes 
were seen even after six days in the synthetic medium, but we have been un- 
able to find any mitotic stimulant which would give us a genuine lymphopoiesis 
in vitro. 

We have been particularly interested in the sensitivity of small lymphocytes 
to ionizing radiation, which is one of the fundamental problems of radiobiology, 
and I should like to report briefly on our radiation studies. When the whole 
animal is irradiated, it appears that the small lymphocytes are the most radio- 
sensitive cells in the body, but this finding does not prove that these cells are 
themselves peculiarly radiosensitive, for some indirect effect of irradiation 
might be involved, for example, via the adrenal cortex. It was important, 
therefore, to see if lymphocytes 7m vitro were very radiosensitive, particularly 
as some earlier workers had claimed they were not. First of all, whole animals 
(4-week rats) were irradiated with X rays, and the LD50 for the lymphocytes 
in the lumbar and sacral lymph nodes was determined and found to be 150 r. 
The LD5S0 is here defined as the dose required to kill 50 per cent of the lympho- 
cytes in five hours. Lymph-node cultures were now irradiated (in serum 
medium) and the LDSO was found to be 275 r._ So it appears that the lymph- 
node lymphocytes are somewhat less sensitive in vitro than in vivo, but even in 
vitro they are still probably the most radiosensitive cells in the body. Actually 
this 7” vivo-in vitro comparison cannot be made with any accuracy, because the 
radiosensitivity depends on the prevailing oxygen tension in the cells, and this 
tension is probably higher in vitro than in vivo, though the precise figure is not 
known in either case. The fact that radiosensitivity depends on the oxygen 
tension prevailing in or around the cells at the time of irradiation was strikingly 
shown in our studies. When the oxygen tension was reduced to zero over the 
few minutes of irradiation the LD5S0 rose to 3,400 r., in other words, the radio- 
sensitivity was decreased by a factor of 12. Changing the CO, concentration 
over a wide range did not influence sensitivity. Reducing the pH below 6.5 
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educed sensitivity, as also did the addition of 0.02 M lactate. We also irradi- 
ted whole blood in vitro and found the LD50 for the blood lymphocytes to be 
600 r., so that blood lymphocytes are about six times less sensitive than 
ymph-node lymphocytes, in vitro. We were also able to confirm an observa- 
jon of Doctor Bloom that the scattered lymphocytes present in the intestinal 
Alli are rather resistant to radiation, their LD50 was 2,250 r., so they are about 
15 times less sensitive than the lymph-node lymphocytes, in vivo. Taken as a 
whole, these studies show that the radiosensitivity of lymphocytes is a variable 
vhich can be considerably influenced by environmental conditions and, if the 
same is true of other mammalian cells, this is a fact of some importance both 
for radiotherapy and atomic warfare. 

Finally, we have investigated the action of cortisone on these lymph-node 
cultures. Synthetic compound E, in the form of the free alcohol, was added to 
the culture medium, and it was found that lymphocytes were killed by quite 
low concentrations, but the effect was rather slow in onset. Some lympho- 
cytes were killed in five hours, but the peak death was not reached until 24 
hours. When cortisone is injected into a whole animal, the peak death of 
lymphocytes in the lymph nodes occurs at six to eight hours, and the slower 
effect in the cultures is difficult to explain. We do not think that the rate of 
diffusion of cortisone into the culture is the limiting factor. In this connec- 
tion, I was interested in Doctor Martin’s observation that when he added 
cortisone to his neutrophil suspensions, the inhibition of glycolysis began to 
appear only after four to six hours. We found that a cortisone concentration 
of 3 X 10-7 M. (0.1 ug./ml.) definitely killed some lymphocytes, and that 
3 X 10-° M. concentration killed about 50 per cent of the lymphocytes in 24 
hours. Deoxycorticosterone had a slight effect. Testosterone, estradiol, and 
progesterone had no effect. Addition of purines and pyrimidines to the culture 
medium slightly protected the lymphocytes from the action of cortisone. It is 
possible, therefore, that cortisone acts by interfering with purine or pyrimidine 
synthesis, and there is a certain amount of evidence that radiation may act in 
the same way. 

The small lymphocytes of lymphoid tissue are peculiarly sensitive to the 
destructive action of ionizing radiation, cortisone, nitrogen mustard, and a 
great variety of mitotic poisons. The reason for this sensitivity remains to be 
discovered, and we can suggest only that it is probably related in some way to 
the relative paucity in cytoplasm. 
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